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The goal of this thesis is to provide instruction on the design, modeling, 
construction, and implementation of a cryogenic tracer irradiation facility that produces 
isotopically pure noble gas samples both efficiently and cost effectively. These samples 
will be used for various research purposes. This facility will be installed into Beam Port 1 
(BP1) of The University of Texas at Austin’s Nuclear Engineering Teaching Lab (NETL) 
TRIGA Mark II reactor core. This work builds on previous creation of noble gas activities 
of 127Xe and 37Ar on the order of 3.7x1010 Bq (1 Ci). These were produced through the 
activation of 126Xe and 36Ar, respectively, in the 3-Element facility which sat within the 
reactor core. This new facility offers means to produce these tracer gases in ways that are 
much safer and more cost-effective.  
Methods developed include solidification of the respective gases to increase sample 
density, change of location, and new facility components. The most important aspect of the 
design is the changes made to increase sample density by way of cryogenically freezing 
the gases onto a condenser. Beam Port 1 was chosen because it is larger than the in-core 
facilities and provided a safer location than in the core itself in the event that the pressure 
safety limit was exceeded. To efficiently freeze these gases a condensing system was 
designed and built by Cryomech Inc. The condensing system is composed of an irradiation 
canister, heat exchanger, helium compressor and transfer lines, and gas transfer lines.  
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Chapter 1:  Introduction 
This document explains the design, construction, and implementation of a cryogenic 
irradiation facility. The goal of this work was to create a working facility that could 
efficiently, safely, and cost-effectively produce radiotracers to be used in future 
experiments for radionuclide detection. Radiotracers, or radioactive tracers, are isotopes 
that have been made radioactive by way of neutron interrogation to then be used to help 
identify, observe, or follow behaviors of various physical, chemical, or biological 
processes. Radiotracers are used in the nuclear field in a variety of ways, but in 
this instance, we will be focusing on their use in understanding subsurface gas transport.  
 
To produce these radiotracers, the University of Texas at Austin’s TRIGA MARK II 
research reactor will be used. Within Beam Port 1 (BP1) of the reactor 
an irradiation canister will be inserted into up to a point that is located adjacent to 
the reactor core, and gas will be cryo-trapped into a condenser within this 
canister. At this point, the reactor will be brought to power, and the now-frozen gas will be 
bombarded with neutrons to achieve a specific level of activity. The gases of immediate 
interest to be produced in this experiment are 127Xe and 37Ar, signatures of nuclear 
explosions.    
 
This new method will fundamentally change the way these gases are 
produced and markedly improve the efficiencies of previous experimental attempts to 
irradiate tracer gases. Because of this improvement in efficiency, more gas can be 
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produced for a larger number of experiments, thus increasing the number of experiments 
possible. Without this ability to easily produce tracer gases, experiments to help increase 
the detecting efficiency for underground nuclear explosions (UNEs) would be few and far 




Chapter 2:  History of Radionuclides in the Nuclear World  
Radionuclides or radioisotopes are atoms that have an excess nuclear energy causing them 
to be unstable. Radionuclides can be found in a variety of environments from basic 
laboratory experimentation, the medical field, and even in various geological endeavors. 
However, the most abundant source of radionuclides in the environment are found in the 
event of a radiological release from a nuclear detonation.  
 
Under the Comprehensive Nuclear Test-Ban Treaty (CTBT), no country in the world 
would be allowed to detonate nuclear bombs for military or civil purposes after it goes into 
force. This prohibition has not, however, been fully enforced since eight nations have not 
ratified the treaty. In the event of an underground nuclear explosion carried out to avoid 
detection, scientists would study seismic activity as well as gaseous and particle 
dissemination through the ground.  
 
One key aspect of the UNE verification regime resides in the ability to conduct an On-Site 
Inspection (OSI) to clarify whether a nuclear explosion has been carried out in violation of 
the treaty (Burnett 2012). This OSI will aim to gather enough data to help states determine 
if a nuclear explosion has been carried out in violation of the Treaty. Radionuclides present 
in an area are a key indicator that an UNE has occurred. One major step toward confirming 
the occurrence of a UNE involves capturing short-lived noble gas radio isotopes produced 
by an explosion. These isotopes are often referred to as the “smoking gun’ for nuclear 
explosion detections (Carrigan 2016). Radionuclide signals from UNE’s are strongly 
influenced by the hydrogeologic regime in the surrounding area. The containment provided 
by the geology will have a direct impact on the delay effects of detonation-produced 
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radiotracers reaching the surface and can potentially lengthen the period of detectability 
for these elements (Carrigan 2016).  
 
To understand if a country is testing we must develop technology to measure differences 
in background levels and abnormalities from naturally occurring isotopes (Burnett 2014). 
Argon and xenon have been selected to be studied for underground transport experiments 
because isotopes of those elements are likely to be the most prevalent radionuclide 
signatures resulting from a nuclear explosion. Due to their short half-lives, the ambient 
background concentrations for those gas components are extremely low and the 
International Monitoring System (IMS) has developed the measurement sensitivity for the 
133Xe exceeding 1 mBq m-3 (Sun 2012). In addition to nuclear explosions, radioxenon is 
produced and may be released from civil events such as medical isotope production and 
37Ar is also produced in subsurface regimes due to cosmic-neutron interactions with the 
activation of calcium by n, alpha reactions (Sun 2012). 
 
To better understand under what hydrogeological conditions Xe and Ar will rise to the 
surface with signals large enough for detection, transport mechanisms from UNEs must be 
studied (Sun 2012). Radioxenon collection and analysis is a standard technique used to 
monitor for evidence of a nuclear detonation, but over fifty days past the event the 37Ar 
signatures should be stronger than the radioxenon signatures (Aalseth 2011). This was 
verified during “Project Gasbuggy” a 27-kt underground test. From this discovery, two 
methods for generating an 37Ar sample were explored by Aalseth, et al.:  
▪ 40Ca (n, alpha) where neutrons are supplied by a reactor 
▪ Irradiation of natural argon with reactor neutrons  
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The goal of these experiments was to develop an ultra-low background proportional 
counter for the measurement of 37Ar relevant to the Treaty’s On-site inspection results. In 
this experiment, the irradiation of 1 cm3 of high purity natural argon took place at the 
University of Texas at Austin’s TRIGA reactor for 1.5h, resulting in an activity of 1.31 +- 






Chapter 3:  Theory 
The University of Texas at Austin has developed methods to produce isotopically pure 
noble gas samples for detector calibrations, quality control on detection systems, and for 
environmental tracer studies. This study will look at changes to previous work to improve 
the experiment in an efficient and cost-effective manner. 
 
Beam port 1 (BP1) is located tangentially to Nuclear Engineering Teaching Laboratory’s 
(NETL) TRIGA Mark II reactor core. This beam port is the only beam port to cut across 
the reactor structure entirely, forming BP1 as well as beam port 5 (BP5), which are divided 
in the middle by a graphite block.  For the following safety analysis, a cryogenic irradiation 
facility will be inserted inside the beam port, on the BP1 side, up to the graphite block. The 
facility will consist of a vacuum canister containing a cold head and condenser, followed 
by a 14-foot flexible liquid helium transfer line that will run the length of the beam port 
and out into the reactor bay. 
 
3.1 Facility Description 
NETL has both in-core facilities for various irradiations and beam port facilities for larger 
experiments. Neutron fluxes associated with these facilities cover a wide range of values 






3.1.1 In-Core Irradiation Facilities 
NETL’s in-core facilities are primarily used for various sample activation analysis 
techniques. The advantages of using these facilities include a higher neutron flux at these 
locations compared to outside the reactor shielding and the ability to utilize the pneumatic 
transfer system installed within NETL for rapid sample transfer. Disadvantages associated 
with these locations often include geometry restrictions for sample sizes and safety 
constraints where samples could become too activated thus violating the technical 
specifications for the reactor. For in-core gas irradiations, the three primary facilities that 
were of interest were the 3-Element Irradiator, the 7-Element Irradiator, and the Central 
Thimble. Table 1 below shows the neutron flux associated with these facilities. 
 
Table 1. In-Core Irradiation Facility Neutron Fluxes (Biegalski 2016) 
 






4 x 1012 n cm-2 s-1  
(950 kW) 




4 x 1012 n cm-2 s-1  
(950 kW) 
1.4 x 1013 n cm-2 s-1 
(950 kW) 
Central Thimble 1 x 913 n cm-2 s-1  
(950 kW) 
7.0 x 1013 n cm-2 s-1 
(950 kW) 
As seen in Table 1, the facility with the highest neutron flux is the Central Thimble, 
however for this experiment the highest neutron flux is not the ultimate goal, therefore all 





3.1.2 3-Element Irradiator 
The 3-Element facility is an irradiation location present within the first 3 rings of NETL’s 
reactor core providing it with a high neutron flux. There are two versions of the Irradiation 
vessel, both made of 6061 Aluminum alloy, but one having a lead liner while the other a 
Cadmium liner thus creating two different experimental environments. For the prior gas 
irradiation experiments the irradiator having a lead liner was utilized such that the reactor 
can be operated at its maximum power of 950 kW (Biegalski 2015). The overall length 
from the bottom of the canister to the top of the threaded fitting at the top of the canister is 
50.4 in (1.28 m) with the length of usable volume equaling 48.1 in (1.22m) thus creating a 
maximum usable internal volume of 1.4 liters, immediately forcing an experimental 
constraint for this facility. 
 
On top of the canister sits a threaded cap for the top fitting containing two O-ring seals, a 
pressure relief valve, and a gas valve for loading or purging the contents. The seals that 
protect the canister form both expansion and compression pressure in the canister consist 
of both a radial seal and an end seal. This double seal design provides extra protection 
against water leakage into the canister as well as gas leakage out. The pressure relief valve 
is also set to burst at 25 PSI thus creating another safety measure while also putting another 
experimental constraint on pressurizing the canister within the core to remain within the 
technical specifications listed for the in-core facility. A diagram of the facility is provided 




Figure 1. The 3-Element Irradiator (Biegalski, 2016) 
 
3.1.3 7-Element Irradiator 
The 7-Element irradiator is a large in-core facility used to in various neutron irradiation 
experiments. The implementation of this facility into the reactor core requires the removal 
of 7 reactor fuel pin elements, the central thimble, or somewhere in the outer three fuel 
rings of the core.  
 
The 7-element irradiator canister is composed of 6061-T6 aluminum and contains a thick 
borated aluminum liner where the boron concentration is 4.5% by weight and is enriched 
to greater than 95% 10B, which is the boron isotope that a large thermal region cross section 
that will then absorb a large amount of lower energy neutrons before they reach the inside 
of the canister. This design closely relates to the design of the cadmium-lined 3-Element 
Irradiator. The total height of the canister is also approximately 52 inches thus almost 
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matching the maximum usable volume of the 3-element facility. The main reason for this 
height extension is to limit the activation of some of the stainless-steel parts located on top 
of the canister. 
 
3.1.4 Central Thimble 
Lastly, the central thimble facility provides direct access to the reactor cores maximum 
neutron flux. This facility consists of an aluminum tube extending from the bottom of the 
reactor core to the top of the reactor pool. Samples would have to be placed inside of some 
canister and slid down the length of the central thimble to force the gas to stay within the 
confines of the core geometry. This then cuts back the volume of the central thimble to less 
than both the 3- and 7-element facilities as well as creating a new design hurdle for having 
to shield the shine coming from the central thimble up to the reactor deck.  
 
 
3.2 Beam Port Facilities 
In addition to the multiple in-core facilities NETL’s core hosts, access to the core by way 
of horizontal neutron beam lines are created by 4 separate beam tubes that run through the 
reactor shielding structure. All beam tubes originate at the reactor core or in the reactor 
reflector with diameters of 6 inches. One tube passes the core tangentially and penetrates 
all the way through to the other side; this beam line is separated by a graphite block in the 
middle thus creating beam ports 1 and 5. A second tangential beam port starts in the reactor 
reflector oriented tangential to the reactor structure while the two remaining beam ports are 
oriented radially to the core and normal to the reactor shielding structure. 
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Figure 2. NETL Beam Port Configuration (Nuclear Engineering Teaching Laboratory, 
2012) 
 
3.3 Gas Activation 
Prior to the decision of where this system should be located, activation calculations were 
performed to determine the quantities of 127Xe and 37Ar that could be produced within the 
reactor at various points. These activities all followed the same basis of assuming 100-hour 
continuous irradiations. A few things to keep in mind is that the University of Texas 
TRIGA reactor normally operates between the hours of 8am and 4pm on a normal 40-hour 
work week schedule, not including weekends, so a continuous irradiation does not portray 
a normal facility work week but merely serves to stand as a qualitative benchmark. Another 
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point of consideration for this benchmark would be that as the irradiation ran past 1 week 
the reactor would have created so many poisons that the overall power of the reactor would 
drop considerably even with all control rods withdrawn thus effecting the overall activity 
of the final product. 
 
3.3.1 In-Core Irradiation 
Pressure is one method to increase the overall activity produced within an irradiation due 
to a concentration of gas in a smaller volume. When considering in-core irradiations an 
assumption had to be made regarding the pressure to have corresponding volumes with the 
beam port irradiations. The following calculations were performed for pressures up to 200 
psi. However, with the safety limits set by the reactor oversite committee (ROC) it is highly 
likely that the experimental pressure would in fact be limited to 20 psi for a canister within 
the core, or 80 psi if the vessel were to lay within the central thimble. 
 
Using MCNP, the neutron energy flux profiles were created and tallied in 64 groups with 
the same energy bin software structure seen in CINDER-90 cross-sections. Flux weighted 
neutron radiative capture cross-sections were calculated to be 2.26 barns for 36Ar and 2.73 
barns for 126Xe. These cross-sections were derived form a collapsed group approximation 
and are assumed to be valid for the total fluxes present within the core (E.A., personal 
communication, November 15, 2017). 
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Another key point of consideration is the neutron spatial distribution as a function of core 
height. This distribution takes a skewed cosine shape over the fuel region meaning that 
since the core fuel is 15 inches long there will not be homogeneity amongst the activation 
within the various in-core facilities (Figure 3).  
 
Figure 3. Neutron Flux profile of 3-Element Irradiator (Biegalski, 2016) 
 
Taking these issues into consideration, a graph was constructed to show the activities that 
would be produced in the 3-element, 7-element, and central thimble facilities for both 37Ar 




Figure 4. Activities of 37Ar Produced in Various In-Core Facilities calculated with SCALE 
(Biegalski, 2016) 
 




Parsing this data, it is clear that the Central Thimble has the highest possible activation 
given a 100-hour irradiation at 950 kW and 200 psi. This is primarily due to the fact that 
the neutron flux is the highest here than anywhere else in the reactor structure, despite its 
volume being the smallest.  
 
3.3.2 Beam Port Irradiations 
While the in-core facilities have the drawback of not being able to be operated at high 
pressures, they still have considerably higher flux than their counter part in the beam port 
facilities. However, the beam port facilities include much larger spaces for irradiation 
canisters that allow for both flexibility for the design as well as material makeup of the 
vessel. Given this flexibility, the feasibility of irradiating liquid Ar and Xe were explored 
for beam port irradiations (Biegalski 2016). Being able to liquify these gases would greatly 





Figure 6. Activity of 37Ar and 127Xe produced in Beam Port 1 theorized cryogenic facility 
with solid 36Ar and 126Xe targets as calculated using SCALE (Biegalski, 2016) 
 
These activation calculations were performed for both solid 36Ar and 126Xe within the near-
core region of BP1 that sits adjacent to a graphite block. The total neutron flux used in 
these calculations was 7.0 x 1012 n cm-2 s-1, and the model was still set for 100-hour 
continuous irradiation time. As a point of reference, BP3’s cryogenic facility has a volume 
of 80 cm3, which may work as a feasible volume, however this calculation was performed 
to 1000 cm3 which could in fact go even higher for a given geometry and improved 




3.4 Safety Considerations 
Given the nature of this experiment of sample activation and especially for one of this 
magnitude, several safety precautions exist such as dose to experimenters, public, and 
reactor structure integrity. Typical safety analysis for irradiations of novel gases assume 
instantaneous release of gas to the reactor bay area. Air concentrations within the bay must 
remain below 250 DAC (Derived Air Concentration) as set forth by the NRC: 
 
“The concentration of a given radionuclide in air which, if breathed by 
the reference man for a working year of 2,000 hours (about 2 and a half months) 
under conditions of light work (with an inhalation rate of 1.2 cubic meters of air 
per hour), results in an intake of one annual limit on intake (ALI). Established 
DAC values are given in Table 1, Column 3, of Appendix B to Title 10, Part 20, of 
the Code of Federal Regulations (10 CFR Part 20), "Standards for Protection 
Against Radiation.” 
Based on this information a release of 250 DAC would result in maxing out a radiation 
workers’ annual limit on intake (ALI) in the reactor bay in an 8-hour day. Table 2 shows 
the limits and requirements that would have to be implemented to address radiation worker 
exposure concerns.  
 
Table 2. DAC Limits and Maximum Production Values for 37Ar and 127Xe 
Isotope DAC 
(μCi/ml) 
Maximum Production for 250 DAC in 
Reactor Bay 
(Ci) 
37Ar 1.0 1.03 x 106 
127Xe 1 x 10-5 10.3 
 
For in-core irradiations there will be additional safety concerns pertaining to the pressure 
of the irradiation vessel. The primary concern is given a rupture scenario that could induce 
reactor core damage. Because of this concern any pressure associated with a designed 
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vessel to be inserted into the core has to be limited between 20 – 80 psi, and future modeling 
and testing would need to be done to prove it met those safety set points. 
 
Similar to the in-core facilities, the proposed cryogenic facility would also come with 
pressure concerns if the liquids/solid samples were allowed to flash back to a gas in a loss 
of coolant scenario. This situation must be proven to show that the structural integrity of 
the vessel would not impact the integrity of the reactor structure.  
 
In conclusion, given the increase in sample density and activation rates a cryogenic facility 
would result in the most significant benefit to the activation levels and efficiency of the 
experiment. The increased densities would greatly outweigh the effect of a lower neutron 
flux present in BP1. However, with this being the ideal experimental scenario, significant 
effort would be required in the design, modeling and construction to build the cryogenic 




Chapter 4: Design Methodology 
Careful design methodology is essential in creating a flexible system that meets the 
requirements and constraints of a given project. A multi-faceted project can create its own 
roadblocks when varying design parameters clash and are not thought out beforehand. This 
often leads to huge delays and backtracking to account for those errors before moving 
forward. To meet the needs of this project efficiently, the design was undertaken in three 
ways: design of the Cryo-System within specific facility parameters, efficient gas transfer 
mechanisms, and computational analysis for visualization and safety specifications. 
 
4.1 Cryo-System 
The design of the cryo-system is the central focus of this project and therefore, had to be 
taken on before any of the other facets of the project were developed to avoid conflict. This 
included looking at previous designs for alternative applications and morphing them into 
plans that would fit the needs of this new facility. Once the facility was designated to be 
placed in BP1, the requirements and constraints could start to take shape. 
 
4.1.1 Requirements and Constraints 
The way gas irradiations have previously been done was by filling a canister with the target 
gas at approximately atmospheric pressure and setting it within the reactor core at the 
highest possible power output for days to weeks. The geometry used previously held only 
about half of the target gas in the high-flux area of the reactor. From here the leap was 
made from simply using a gas to solidifying it by cooling it down to one point where it 
would receive homogenous activation and increase efficiency by 1000x due to the density 
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increase (Biegalski 2016). With this idea in mind we began design of the rest of the cryo-
system. 
 
Figure 7: Original cold finger design (MCJ Cryomech, 2017) 
 
Iterating upon this original design (Figure 7), the cold finger design began to morph into 
an irradiation canister, where a condensing body would mount to the copper cold head to 
focus the gas at the coldest point, and it would be surrounded in a vacuum jacket to help 
with thermal efficiencies in keeping the temperature low (Figure 8). Two different gas lines 
were attached to the condenser, one for gas transport, and the other for safety, as well as a 
vacuum line to maintain the correct pressure drop in the outer jacket. The irradiation 
canister was designed to sit inside the reactor structure just adjacent to the core where it 
would receive a high neutron flux. The canister was then attached to a 14’ flexible helium-
transfer line that would feed back to the helium compressor sitting outside of the reactor 
core.  
 
Figure 8: Updated cold finger design (Byrns, 2019) 
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Some other design features included small threaded holes on the outside face of the canister 
so that upon installation and removal, the experimenters could thread in a long pole for 
ease and safety in pulling the canister out of the beam port hole. A temperature sensor was 
also installed at the cold head-condenser interface where the experimenter will be able to 
monitor the temperature during the experiment to make sure the gases is staying in a 
solidified form, or to check for errors that would indicate possible failure.  
 
 
Figure 9: Cold finger fins (Byrns, 2019) 
 
A major design change was to the inside of the condenser, on the copper face, where 
multiple horizontally oriented fins were added to significantly increase the surface area for 
gas to condense on. Another important design modification to note was the material 
selection process. With this canister sitting directly adjacent to the reactor core, materials 
other than the gas will activate and become radioactive. The material that would activate 
the most had to be evaluated to determine potential dose during removal and disposal. With 
the copper being the largest activation concern, other material selection for the canister and 
condensing vessel became less concerning. After extensive modeling (discussed in chapter 
5) the canister passed safety approvals.  
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4.1.2 Heat Exchanger 
Leading back from the irradiation canister, the flexible helium-transfer line runs back to 
the helium compressor unit that sits outside of the shielding so that it can be monitored 
during operations. A unique feature about this helium compressor is that to perform 
optimally it must operate with in very specific technical conditions, and a major facility 
change had to be made to create what became a chemically treated heat exchanger. 
 
First, the water must remain within a specific pH and calcium carbonate level. This means 
that the water used must either be softened to get within the CaCO3 specifications or there 
is access to de-ionized water in which the CaCO3 spec is met, but the pH might be too high.  
 
 
Table 3. Alkalinity and CaCO3 Specifications (Cryogenic Refrigerator Instillation and 
Operation Manual) 
 
Second, the flow rate and temperature must remain within a band as depicted in Figure 10, 
so a few parameters must be considered such as: heat induced into the water from the 
compressor unit and the pump, the heat removal rate of the heat exchanger given the 
temperature of the chilled water and these then have to balance out within the given 




Figure 10. Temperature and Flow Rate Relationship Diagram (Cryogenic Refrigerator 
Instillation and Operation Manual) 
 
The next phase of this project included constructing a system that would allow for water to 
transfer from the NETL’s chilled water source across the reactor bay area and down to the 
compressor unit. This included over 80 feet of copper piping and over 20 feet of PVC in 
the lower connections between the water tank and the compressor itself. This project was 
split into two sections so that the chilled water would remain untouched by the treated 
water from the tank. The PVC section was also given multiple stages in the event the chilled 
water from the station prove to be too cold, the heat exchanger could be isolated from the 
rest of the loop and added back in when needed, or to pre-chill the water before the start of 




Figure 11. Heat exchanger as installed. 
 
4.1.3 Safety Concerns 
During the design process, safety precautions had to be built into the system for it to operate 
within the technical specifications of UT’s reactor. Major safety concerns originated with 
the central focus of condensing gas into a small condenser, where in certain instances this 
gas has the potential to flash from solid to gaseous state, creating a large pressure wave 
that would threaten the integrity of the irradiation canister. Modeling was later done to 
prove that this could not occur under normal operating conditions, but prior to those 
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models, physical design changes were made to the irradiation canister and the gas manifold 
system. 
 
NETL’s reactor has a pressure limit on vessels within the reactor core that ultimately 
requires a valve release if 25 psi is ever reached within the vessel. This was originally the 
main reason for the experiment being moved from the 3-element facility to BP1. However, 
even with the move, the potential for a pressure vessel to be created meant that precautions 
had to be built in to help divert the flow of that pressure release in a safe manner. 
 
4.2 Gas Manifold 
During operation of the facility a transfer system must be in place to account for sending 
the gas into the condenser, removal, and any safety precautions along the route. To ensure 




Figure 12. Gas manifold diagram 
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In this diagram it was important to include ways to isolate each of the individual routes to 
and from the condenser all the while considering how the gas could be saved in case of a 
leak or loss of coolant to the condensing vessel.  
 
The first step is pumping and flushing the system with nitrogen to remove contaminants 
and create a pressure differential so that when the valves are opened the gas will move 
down the piping. Because of the isolation options the gas can be compartmentalized as it 
is fully removed from the loading tank and then sent to the condenser once the tank has 
been emptied. After the gas is trapped on the condenser the irradiation can commence.  
 
After the irradiation is complete the gas will slowly be warmed up and then sent down the 
piping to the shipping tank. This step also has a few options within it in terms of how the 
gas will be unloaded. One option would be to simply warm up the gas and attempt to cryo-
trap the gas back down on the piping, while the other would be a combination of using a 
transfer pump in conjunction with the cryo-trap to improve efficiency. These options will 
both be explored and detailed fully in the results chapter. 
 
During this entire process, the ability to safely relieve pressure in the system as well as 
capture gases that may be highly activated was of utmost priority. This involved including 
several burst valves on the safety expansion pipe as well as the ability to isolate these pipes 
from each other to create an opportunity to repair the burst valves and return the gas to the 
condenser via cryo-trapping. While doing this the volumes of each individual line were 
calculated to account for enough gas flow rate given a failure scenario.  
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After incorporating design elements in the manifold for each of these steps, the pipe 
diagram was transferred from a 2D model into a 3D SOLIDWORKS model and a parts list 
was created (Figure 14).  
 
 
Figure 13. Gas Manifold SOLIDWORKS Model 
 
The green line represents the loading/unloading transfer pipe, while the red is the safety 
expansion line and the yellow functions as a vacuum line. The biggest difference between 
the colors is that the yellow and red are both ¼” piping while the green was reduced to 1/8” 
to help improve gas transfer efficiency by reducing the amount of available dead volume.  
 
The red and black valves pictured act as stand ins that account for various sized diaphragm 
and bellows valves. And there are multiple spots that are capped that create options for 





Figure 14: Manifold with valves in the “Loading” Configuration 
 
4.2.1 Loading and Unloading Procedures 
As seen in the figure above, this configuration of the piping, in which the green route 
signals the movement of the gas from the loading tank into the piping and then down into 
the cryo system via cryo-trap.  
 
There have been multiple proposed ideas in which the gas shall be loaded into the piping 
before the cryo system is turned on, and due to the strengh of the cryo system it has been 
determined that the system will first under-go a “pump and flush” with nitrogen which 
entails loading the gas line to atmospheric pressure and then quickly pumping back down 
to a low vacuum pressure around 1 Torr. This will happen a few times to help cleanse the 
line of any unwanted gases or particles before loading in the target gas for irradiation. After 
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purging the line it will once again be pumped down to vaccum, have the valves to the 
vacuum pump closed and also open the valve to the target gas canister to charge the line to 
a pressure that corresonds with a volume for that specific irradiation. Once that pressure is 
met the valve on the canister will be closed,  and preparations will begin to turn the system 
on. As the system begins to cool down the pressure drop should correspond with the 
freezing of the gas that resembles previously calcualted relationships during the 
experimental trial phase. When the system is then at a pressure and temperature that the 
experimenters set, and has stabilized, the reactor will then be turned on.  
 
 
Figure 15: Manifold with valves in the “Unloading” Configuration 
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The figure above shows how the previously cryo-trapped gas will move out of the 
irradiation canister and back up the green loading/unloading pipe and back into the 
unloading tank.  
 
During this phase of the experiment the gas will be radioactive and thus safety precautions 
were taken to limit dose to experimenters. The system will be allowed to warm up slowly 
and the gas will then begin to move down the gas tubes due to natural expansion. Once the 
system stabilizes one of two operations will occur: a transfer pump will be turned on to 
pull the gas from the tubes into a shipping canister, or a separate cryo-trap, utilizing a liquid 
nitrogen dewar, will be raised around a vial in which the gas will then be trapped again 
outside of the reactor beam port. These lines will all be shielded except for the valves so 





Chapter 5: Modeling 
This chapter discusses the relationships and dependencies of the various modeling software 
utilized during this project. Each of these codes played a role in either design, safety, or a 
combination of both. Often one breakthrough in a given software would lead to multiple in 
another and vice versa.  
 
5.1 MCNP 
Monte Carlo n-Particle (MCNP) was used to model radiation dose and potential damage to 
the system and the surrounding area thus providing information to build safety precautions 
around. It was also used in developing the potential radiological dose releases given in the 
plume modeling from HOTSPOT and SCALE. ANSYS and SOLIDWORKS also worked 
hand in hand for developing the design and safety analysis of the system both inside and 
outside of the core. If a variable changed in terms of the gamma flux being higher or lower 
at the condenser location, the copper block would yield a different heating value and thus 
the potential for the flashing of gases may go up or down.  
 
5.1.1 Theory 
Monte Carlo n-Particle radiation-transport code (MCNP) is a general-purpose, continuous-
energy, generalized-geometry and time-dependent analytical code designed to track many 
particle types over their respective broad energy ranges. This code was developed by Los 
Alamos National Laboratory (LANL).  
 
MCNP 6.2 was utilized in providing all approximations of nuclear interactions within the 
materials of the proposed system, and the produced values from these interactions were 
 32 
monitored by MCNP calculations following their energies. These reactions were marked 
by how a neutron or photon first reacted with a material, that material’s ability to absorb 
or change that particle’s direction, and then the resulting cascade of collisions that particle 
would undergo in its lifetime. Utilizing the F4, or FMESH tally, and an energy deposition, 
F6 or T-Mesh, a map of the resultant flux and deposited energies of the particles in the 
region of interest was created.  To create a similar environment in which the system would 
be present, a geometrically accurate model of the TRIGA MARK-II reactor was used 





ln(𝜉)      [1] 
where 𝛴𝑡 is the macroscopic cross section of the material and 𝜉 is a random number 
generated by MCNP. The equation represents the distance to the next collision a particle 
will have in the system. A particle is born with a specific speed, direction, and energy and 
then MCNP will calculate [1] for the particular material and then roll a random number. 
These values are then plugged back into the equation above to calculate the distance 
traveled by this particle. It will then calculate the type of collision it has and determine 
whether it will “survive” to have a new collision with a different material and thus the chain 
will continue. This will be repeated until the death of the particle by either a boundary cell 
condition, loss of energy, or capture.  
 
This process will then be completed for a specific number of prescribed particles. These 
particle values can be gathered by inserting what is known as a tally at a specific location 
or surface and will have an associated relative error for the user to determine whether it is 
accurate enough to be acceptable.  
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For safety precautions such as shielding around the beam port and local dose levels when 
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where B is buildup factor that is dependent on incident photon energy, the shielding 
material and its thickness, the source and shield geometry and the distance from the surface 
to the dose point. 
 
 
5.1.2 Results  
One of the largest potentials for danger in this experiment arises from the rate at which 
outside heating is applied to the condensed material. If this heating happens quickly, it 
could lead to gas flash boiling/subliming, and a subsequent pressure wave that could 
threaten the structural integrity of the condensing vessel. In this instance, the gamma-ray 
heating from the copper would prove to be the largest source of outside heating.   
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Figure 16. MCNP depiction of BP1 irradiation canister fully inserted into the beam port 
adjacent to the reactor core 
 
To start to understand this value, an MCNP model of the reactor developed in prior work 
(Wilson 2017) was adapted depicting the location and geometry of the irradiation canister 
within BP1. An energy deposition T-Mesh was then taken of the beam port to look at 
neutron and photon energies deposited in the material after interaction. The resultant output 
file was then taken, and a conversion was applied to take the output unit of 
MeV/cm3/Source particle, and convert into a rate of adiabatic temperature rise within the 
system, °C/minute, as shown in Table 4. From this calculation we can conclude that the 
outside heating induced from this particle deposition would not result in a gas flash 
scenario should loss of coolant occur.  
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ANSYS finite element analysis software is used to model structures, electronics, and 
machine components to be analyzed in regard to strength, elasticity, temperature 
distribution, fluid flow, and various other attributes.  In the following section we will be 
exploring ANSYS and its many features that were utilized during this work. ANSYS Fluent 
was used in modeling multi-phase fluid flow and solidification, while ANSYS mechanical 
was utilized to develop models depicting the changes in pressure the system could 
potentially see during operation.  
 
The Eulerian form of the conservation of mass equation is derived by applying the 
Reynolds Transport Theorem with f=1. This assumed value of “f” comes from integrating 
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the function “f” over the time-dependent region 𝛺(𝑡) and taking the derivative with respect 
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= 0                                   [6] 
This integral is satisfied for an arbitrary volume taking the integrand to zero thus resulting 




+ 𝛻 ⋅ (𝜌V⃗ ) = 0                                         [7] 
Where  𝜌 is the fluid density, t represents is time, and 𝛻 ⋅ (𝜌V⃗ ) is the flow velocity vector 
field. From here it will be convenient to express the equation in common cartesian 
coordinate form by expanding the vector from the previous equation to include for x, y, 
and z dimensions.  
 
For this situation we are dealing with a variety of compressible flows in which there exists 
a multitude of thermodynamic relationships that permit the conversion of energy into 
various forms. These include variables such as internal energy, specific heat ratio, enthalpy 
and of course the Ideal Gas Law relations. To solve this problem correctly the model will 
have to account for these physical laws and from there we will apply the Reynolds transport 
theorem to transform these laws to a Eulerian framework. This is done by setting up the 
energy equation in Lagrangian terms and inserting the heat transfer and work terms for 
pressure and viscosity. From there the pressure terms can be placed within the convection 
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term to introduce Fourier’s law and greatly simplify the equation. After that we apply the 
Divergence Theorem to the surface integrals and since the control volume is arbitrary the 
sum of all the integrands must equal to zero to satisfy the equilibrium resulting in the 




+ 𝛻 ⋅ (V(⃗⃗ ⃗⃗  𝜌𝑒𝑡 + 𝑝) = 𝛻 ⋅ (k𝛻𝑇 + (?̅? ⋅ V⃗⃗ ) + ?̇?𝑔                           [8] 
Where ρ is the fluid mass density and ?̇?𝑔 is the generational source term that will include 
radiation heating and other physical effects present in the system. This will then be solved 
for by defining correct initial and boundary conditions.  
 
5.2.2 Stress Equations 
Often in pressure vessel cases failure mode and effects analysis (FMEA) is performed as a 
process for reviewing components and subsystems to identify possible failure modes in a 
system. For this case we are particularly interested in potential rupture of the condenser 
and consequential fracture of the irradiation canister while it is next to the reactor core 
resulting in a radiological release to the reactor bay. To understand whether a material has 
undergone failure in this situation the equivalent yield strength, or stress, was measured 
against the value of the material under pressure using the following equation: 
 





+ (σ𝑦𝑦 − σ𝑧𝑧)
2 + (σ𝑧𝑧 − σ𝑥𝑥)2 + 6 [(σ𝑧𝑧)2 + (σ𝑦𝑧)
2
+ (σ𝑧𝑥)
2]            
[9] 
This equation represents a 3x3 stress tensor to view the equivalent stress as a scalar 
indicator to determine material failure. In this case, if the equivalent stress present on the 
material after being introduced to the pressure, is higher than the rated yield stress for the 




ANSYS was utilized for multiple simulation settings. These included the proof of concept 
that within this vessel, given operational conditions, that the subjected gas would begin 
solidification over time, and a pressure vessel analysis to simulate a worst-case scenario of 
a gas flash that could potentially lead to vessel rupture and leakage of highly activated 
gases.  
 
5.2.4 Eulerian Modeling 
The first of these simulations to be explored was the solidification scenario of these gases 
that would undergo, potentially, multiple phase changes before finding equilibrium. This 
took some time to understand how to best set up operating conditions in classical flow field 
theory to help with these various phase changes while being subjected to differing 
temperatures over time. But this simulation would be essential in setting up the future 
pressure vessel analysis for it would help in understanding the maximum volume of gas 
available to be present at one time within the condenser.  
 
In ANSYS, we are presented with various system operating conditions to help govern the 
world in which this simulation is living. The first major decision was how to best describe 
this environment and how it was being observed which ultimately came down to a Eulerian 
or Lagrangian approach. In classical flow field theory, Lagrangian specification for a given 
flow field is a way of looking at the fluid motion where the observer tracks an individual 
particle as it moves through space and time, or its path line, however for this specific 
situation we couldn’t just look at one particle but had to observe all of them to understand 
how the average of the mass would behave. Hence, a Eulerian model was chosen as a way 
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of looking at the flow field that focuses on a specific location in the space though which 
the fluid flows as time passes, that location being the condensing body. In this method, 
conservation of mass, momentum, and turbulence transport all needed to be solved for, for 
all phases simultaneously.  
 
5.2.5 Solidification 
An important simulation for this work was explored in the form of a solidification/melting 
model that would be used to help describe the environment of the irradiation canister given 
the conditions of a copper face cooled by liquid helium, and incoming heating from 
gamma-rays produced from the de-excitation from the copper as well as the reactor core. 
 
Instead of tracking the liquid-solid fraction explicitly, ANSYS Fluent uses an enthalpy-
porosity formulation known as the “mushy-zone” which is treated as a porous zone with 
porosity equal to the liquid fraction in the volume. Appropriate momentum sink terms to 
account for the pressure drop and are also added to the turbulence equations to account for 
the reduced porosity in solid regions. Utilizing this feature a model was created to represent 
argon gas being present in the system and the system being turned on and cooled down, 
sucking the argon to the cold head via cryo-trap. The resultant figures depict solidification 
of argon occurring as the temperature approached 84 K which was viewed in a ratio of 
liquid to solid argon. The figure below is slightly mis-leading since it is unable to account 
for the 3 phases at once and thus we set the argon gas value to coincide with the liquid thus 
resulting in the entire condenser to be seen as a liquid, in red, versus the solid in blue. 
However due to the large fraction disparities, what we are actually viewing is the gas 
region, in red, and a small boundary layer between the blue and the red regions in which 




Figure 17. Liquid to Solid Fraction of Argon Present in Irradiation Condenser 
 
 
Figure 18. Total Temperature of Irradiation Condenser Solidification Model  
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These two models were built in 2D to save computational time and to allow for 
visualization of the solidification to occur. The difference between 2D and 3D modeling in 
this sense is that we do not have another directional component in which the gas particles 
could expand into thus limiting the interaction volume relative to the mass in a localized 
region, and therefore would cause phase change to happen more rapidly than it would in 
reality. However, we do see evidence that solidification of argon is occurring in the region 
closest to the copper face as evident in the liquid to mass fraction.  
 
 
Figure 19. 3D Gas Velocity Profile Particle Tracking 
 
Due to computational limits the solidification in 3D was too taxing to correctly track multi-
phase flow while interfacing turbulence equations and porosity of the solid region so 
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instead we created a particle tracking model to show the velocity profile of 5000 individual 
gas particles and how they moved inside the condenser with no phase change. The resultant 
figure depicts velocities of 0 m/s in blue with steadily increasing speeds up to 0.05 m/s in 
red. This would indicate to me that the gas is not moving due to the temperature in that 
region, and if given the correct inputs would in fact change phase to a liquid or solid.  
 
5.2.6 Pressure Vessel Analysis 
When looking at the pressure vessel analysis we wanted to focus on two major stresses that 
would most likely be present in the operational environment the irradiation canister would 
be present in. These two stresses are the tensile stress, and the equivalent yield stress, both 
having to do with the resistance of an object to the force trying to tear it apart. The main 
difference between these two stresses is the that the equivalent yield strength relates to the 
minimum stress under which a material will deform permanently, whereas tensile strength 
describes the maximum stress that a material can handle before fracture, or breaking.  
 
  
Figure 20. Stress-Strain Curve for a Ductile Material (Nuclear Power 2021) 
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The key thing to remember here is that the irradiation canister is not expected to undergo 
long periods of stress and rather only ever be subjected to one big pressure release, or flash, 
during a worst-case failure scenario. With a brittle material the graph would have initial 
higher slope that would then cut off at a fracture before ever stretching, thus there would 




Figure 21. Stress-Strain Curve for a Brittle Material (Nipun, 2015) 
 
To fully understand what kind of reaction our material will have we will need to plug in its 
exact specifications for these variables. Now the material that is in question is the 
condenser within the irradiation canister that is made up of 314 SS (UNS S31400) that is 




Figure 22. Condenser Top View (MCJ Cryomech, 2017) 
 
 
At first, it was obvious that the side brazed to the copper was a point of concern in that it 
wasn’t one material and a connection point, but upon further inspection it can be seen that 
the copper also surrounds the part of the condenser as the steel is actually seated inside of 
the copper thus providing it with extra wall thickness. That leaves the remaining three sides 
of the condenser in which to look at for failure points. Being that we are using SS 314, the 
pronounced yield plateau that is common in normal structural steels is nonexistent, so an 




The Cryogenic Irradiation facility being installed into BP1 has the potential to produce 
mechanical stress due to pressure buildup inside of the condensing chamber. It has been 
shown through previously discussed results from the MCNP thermal energy deposition 
model that the frozen target gas will not undergo a pressure flash from solid to gaseous 
 45 
phase simply due to gamma-ray heating in a “loss-of-coolant” event. However, for the 
purpose of this safety analysis report we will explore the three most likely scenarios 
regarding potential failure modes.  
 
Within these failure modes we will look at the resulting equivalent yield stress that will 
give us a direct result on whether or not the system has fractured, and a safety factor to 
better understand how “in danger” the system is to failure. Equivalent yield stress is 
minimum point at which we will see permanent deformation to the system and the safety 
factor is calculated by the ratio of the strength of the material and the maximum stress in 
the part and is on a scale from 0 to 15 in this simulation. If the ratio drops below 1 we know 
there is failure somewhere in the condenser.  
 
Scenario 1: Flash -- Max Volume of Ar (or Xe) in the vessel Flashes – 3.091 Liters at STP 
 
This scenario represents the max volume of gas in the condenser with relation to the safety 
rating of 150 PSI. This volume was calculated using PV=nRT where pressure and volume 
are known, and we are solving for the number of moles present in the condenser. 
 
This simulation resulted in the small temporary deformations of the condensing vessel 
shown in Figure 23 where the value of the tensile yield stress does not exceed the material 
limit; thus, no permanent deformation occurred. This is again verified in Figure 24 with 









Figure 24. Safety Factor - Minimum value of 4.04 > 1 – No Failure of Condenser 
 
  
Scenario 2: Gas Leak – Crack in gas line – 6 Liter (gas at STP) Flash 
 
This scenario was based on the max volume of the actual condenser, and a rough estimate 
of the flow rate of the air into the condenser from a leak in the system. This model is the 
most variable dependent since the crack size and pressure differential at the time will 
considerably change the flow rate into the condenser. To calculate how much air would be 
present in the condenser, we calculated the total volume of air that would be needed to 
create the same pressure wave in the condenser as the Argon did at 3.091 Liters, and then 
back calculated, adding those volumes to arrive at the new pressure value. The idea behind 
this was that when we do the testing to see how the temp values change as gas is added to 
the system, we will be able to discern whether extra volume is present when this value 
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changes from the norm. Since we don't know that value, we erred on the safe side with a 
larger estimate of the volume of air being equal to the pressure safety factor of the 
condenser to create a worst-case scenario. Even with this new volume added, we still do 









Figure 26. Safety Factor - Minimum value of 2.01 > 1 – No Failure of Condenser 
 
 
Scenario 3 - Failure Point – Find Volume that would induce fracture 
 
Since the previous two scenarios did not cause permanent deformation or fracture failure 
within the condensing vessel, we thought it was pertinent to this safety analysis report to 
include the volume and associated pressure value in which we do see these failures occur. 
 
Permanent deformation and fracture failure occur at 4.64e6 Pa or an additional 7.6 
liters, bringing the total volume to 13.7 liters of gas at STP 
 
This would imply that an additional 10 liters of air (STP) were able to leak into the system 
undetected and the system underwent a loss of coolant fast enough to result in all 13.7 liters 
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Figure 27. Equivalent Stress - Values over 2.15e8 are Fractures within SS304; the Larger 




Figure 28. Safety Factor - Values Less than 1 Indicate Failure; Seen on End-Cap 
 
 
In preparation of any safety failure resulting from a gas pressure burst, the irradiation 
canister will have two methods to fall back on. The first safeguard is the pressure release 
valves shown in Figure 28, previously denoted as the 5/16” Safety Tube, which would lead 
the gas down the line and into a larger safety expansion tank that is shielded outside of the 
reactor structure. Second, the canister has a naturally built in first line of defense—the 
vacuum which surrounds the canister that, in the event of a burst, will act as an immediate 
expansion tank for the gas.  
 
One other matter that needs to be considered is the effluent concentrations at the closest 
receptor site to NETL. We assume that any release would be diluted into the 4,120 m3 open 
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reactor bay volume.  Additional dilution to the nearest receptor from NETL is on the order 
of 104 to 105 m3 as calculated via CAP-88 which is nominally well within the DAC-to-
effluent concentration ratio in 10 CFR 20 Appendix B. Nonetheless, maximum effluent 
concentrations should be evaluated for each operations request. 
 
5.3 SCALE 
For this portion of the modeling, SCALE 6.2 was implemented to solve for the activation 
and decay processes that would be happening during experimentation. Specifically, 
ORIGEN was used as a system for calculating the buildup, decay and processing of these 
radioactive materials. ORIGEN uses a matrix exponential method to solve a large system 
of first order differential equations with constant coefficients. 
 
The goal of using this software was to understand what types of radioactive products would 
be created and how dangerous they could be. This would entail labeling radiation areas, 
release situations, and even activation of other materials based on the level of activity and 
the associated half-lives. The materials that were of highest concern were the large amount 
of copper present, as well as some smaller quantities of elements within the stainless steel 
such as manganese and chromium.   
 
The following results are given for a 20-day cyclic irradiation in which the irradiation 




Figure 29: SCALE Irradiation Output – 20 Day cycle – 950 kW 
 
 
Table 5 Activated Isotopes in Materials Used 
 Days cu64 cu66 mn56 cr51 ar37 xe127 
Irradiation 20 126.80 3.80E-24 5.30 3.81 1.63 7.79 
Activity 
(Ci) 
40 2.24E-21 1.93E-29 2.25E-46 1.40 0.74 3.64 
 
 
As can be seen from Table 5 above, the activity values for the structural materials are quite 
high but will slowly move to manageable levels after a few weeks of decay. The isotopes 
of greatest concern are Cu-64 and Mn-56, which have an activity level of 126.8 and 5.30 
Ci, respectively, after the 20-day irradiation; just two weeks later, though, they are both 
less than 1 Ci. Given enough time to decay, the canister will be safe for removal without 
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concern for these isotopes being activated. The procedure for removal will include a review 






In the event of a radiological release from this experiment, a simulation, utilizing Hotspot 
software, was run to visualize the resultant dose and deposition contours for the local area 
surrounding NETL. These simulations were run for three different levels of activity based 
on realistic experiments that could result from use of the cryogenic irradiation facility.  
 
Hotspot utilizes a variety of equations to govern how an isotope is released in various 
atmospheric dispersion models. Some of the main inputs are how an isotope is released, 
carried through the atmosphere, and later deposited; it will take into account environmental 
aspects such as wind speed and direction, as well as atmospheric stability factors. Prior to 
running a simulation, one must develop a series of inputs that best describe how an accident 
could occur and then how it would play out in a given environment.  
5.4.2 Analysis 
 
For an example scenario for a gas release in the reactor there would first need to be an 
isotope of interest and its assumed activity level. From this you would need to learn how 
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the facility deals with gas being released to the public and how its filtration system, or 
stack, is installed in the upper levels of the building. Taking that information, you can then 
tell the software from how high up the gas is released relative to the ground, its exit 
velocity, as well as the diameter of the stack. From there you input all the meteorological 
data as well as set multiple receptor locations to better track how the release affects the 
area at different intervals. Once those are all in place you can now begin to create various 
scenarios with these input parameters that alter the sample time, any sort of hold up in the 
atmosphere due to low wind speeds, and then create various levels of contours for dose and 
deposition to the surrounding area.  
Given a previous understanding of how experiments of this nature had been run in the past 
it was easy to overlap those failure scenarios with this new system to create a series of 
potential cases that could result from a catastrophic failure from the cryogenic system. 
Given hotspots ability to create contoured plots that overlay google earth, it was only a 
matter of narrowing down a margin for maximum and minimum dose and deposition to the 
surrounding area. For this system we are going to be operating in various conditional 
settings from continuous runs, to time intervals over days and even weeks. So, taking that 
knowledge combined with previous calculations done in SCALE we were able to generate 








Scenario 1 represents a normal working volume at the end of an irradiation cycle 
producing 2 Ci.  
 
Figure 30. Scenario 1: 2 Ci – Dose Contour 
 
 
Figure 31. Scenario 1: 2 Ci – Deposition Contour 
 
Scenario 2 




Figure 32. Scenario 2: 10 Ci – Dose Contour 
 
 
Figure 33. Scenario 2: 10 Ci – Deposition Contour 
 
Scenario 3 
Scenario 3 represents a 20 Ci production cycle with a worst-case scenario where the wind 
speed is low causing the cloud to hang longer in the air before dispersal, thus increasing 
dose to the local area. 
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Figure 34. Scenario 3: 20 Ci – Dose Contour 
 
 




In conclusion, under the assumption of a worst-case scenario in which all the gas during 
an experiment is put through the NETL Stack, the resultant dose and deposition of any of 
the prior gas release scenarios would not yield a dose to the public that would be large 
enough to surpass the minimum dose allowed to the public, which is 100 mrem per 





SOLIDWORKS was used to create virtual 3D renderings of solid objects to aid in the 
design and construction of both the irradiation canister, gas manifold system, and reactor 
shielding during operations. Examples of these can be found in Figures 8 and 13 as well as 





Figure 36. BP1 Reactor Shielding Isometric 
 




After building a reactor containment structure, and reactor core scale model from the 
original engineering drawings we were able to come up with an accurate depiction of how 
the system would sit inside and out of the reactor. With this software we are able to then 
design safety measures, dimension piping, and present a to-scale model of how all of the 




Chapter 6: Experimental Trials 
Before any real testing begins in which a gas is loaded into the system in the reactor, there 
must be a set of preliminary results and understanding of how the system will behave so 
that it can be monitored for any unusual activity. These tests include cryo-head temperature 
stabilization and equilibrium, system power draw, and chilled water input equilibrium. 
 
The most important goal of these tests is to create a reliable rate of change curve for how 
fast temperature can change with an empty canister as well as how much the temperature 
fluctuates at a given point. This will originally be measured by creating a minimum, 
maximum, and average temperature plot that will ultimately be filled in as more and more 
test are done at varying points. The goal will be to establish a frame of reference for when 
gas is loaded to see what the difference is between two things; the time it takes to achieve 
that temperature, and the stability at which the system can maintain at that given 
temperature. Once this is established a metric of “power draw” can be created to help in 
maintaining a safe work environment and monitor for leak deviations. One of the tools 
aiding in this goal is the CTC100 Temperature monitor that is equipped with a K-type 
thermocouple hooked up to the cryo cold-head that will provide a continuous reading of 
the temperature of the liquid helium as it is pumped to the cold-finger while the system is 
operational.  
 
All while this is going on the helium compressor sits outside the reactor confinement 
structure and will have chilled water being circulated through it to aid in cooling the oil in 
the system necessary to pump liquid helium down to the irradiation canister. This water 
running through the helium compressor must remain within the given range shown in 
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Figure 10. With the system designed beforehand to account for heating form the oil inside 
as well as other outside factors, it will need to remain in this operational range for the 
duration of the experiment. That being said, it must also have a set of test points created 
for it to account for any deviation from the norm when undergoing the gas loading tests.  
 
The start of these tests comprised of simply testing the system for pressurization and then 
how well it holds low vacuum. Once it was established that the lines to irradiation canister 
did not leak the testing could begin where the system was turned on and allowed to run for 
several hours while we collected various data points regarding the temperature and pressure 
of the system. During these tests vacuum was continuously pulled on the gas inlet line to 
simulate a “no-gas” situation. Because of the placement of the pressure gauge the cryo-
system and the vacuum pump were allowed to work synonymously to simulate a perfect 




Figure 38: Non-Gas Loading Experimental Set-Up 
 
The value of these tests was two-fold, one being a monitoring of the system as it cooled 
down, and then another being how the system reacted to being heated up, which allowed 
for the gathering of significant factors that would later be implemented in the gas-loading 
trials. To successfully heat up the system and or control the temperature of the system it 
was found that it first needed to achieve its lowest temperature before any heating element 
was applied. This heating element came in the form of a singular 100-Watt resistive heater 
located on the back of the CTC 100 and that was connected to a thermocouple on the Cold-
Head located outside of the reactor structure.  
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Figure 39: CTC 100 Temperature Controller 
 
Figure 40: Cold-Head Helium Cooler 
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Once the system has arrived at its lowest temperature the heater can then be turned on and 
dialed to a “Set-Point” temperature that system will slowly react to. The heater is then 
controlled by three different algorithms known as the proportional, integral, and derivative 
feedback controllers that can be manually set to specific values to best fit the needs of the 
system. In this case, we wanted the temperature to slowly creep up to the set-point 
temperature with minimal oscillations and took this into account when configuring these 
algorithms. From here the system was allowed to heat up in a stepwise fashion to allow for 
a temperature to be reached, equilibrium to occur, and then a new set-point would be input 
to the controller. 
 
 
Figure 41: CTC Stepwise Heat Control 
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One of the most helpful things about this non-gas loading experiment is that we have the 
ability to run loss-of-coolant tests without fear of flashing gas in the system since there is 
no gas present during the run. From this test a regression line can be created to show how 
rapidly the system will heat up through various gas flash points that will indicate to us 
where potentially dangerous scenarios could occur and allow us to put in place the correct 
safety precautions to prevent those from happening. 
 
With the Non-Gas-loading trials finished and the set points for these experiments created 
the experiment can proceed with the gas-loading trials. These trials will be comprised of 
both a nitrogen freeze test a well as, temperature set point and fluctuation monitoring. 
 
The Gas-loading trials began by installing a 1/8” tube from the nitrogen cylinder directly 
into irradiation canister to simulate the length of line that would be installed into the reactor 
beam port of 133”. The 1/8” tubing was used here to limit the amount of volume in the gas 
line itself so that cryo-trapping the gas or pulling vacuum on the line would be more 
efficient. Once this was complete, we utilized the same pump and flush method until we 
were confident in the line being purged of any other significant quantity of gas. We then 
began loading nitrogen into the gas line and condenser to take the system up to atmospheric 
pressure, then the system would be turned on and temperature and pressure would start to 
drop. The vacuum chamber was open to the vacuum pump the entire time, but the rest of 
the gas lines were isolated so that only the helium compressor was working on the system. 
The goal of this experiment was to check the ability of the system to freeze off nitrogen at 
low pressures, an ancillary goal was to have the system cool down from a specific pressure 





Figure 42: Nitrogen Phase Diagram (Frącz, 2017) 
 
As the system cools down, we will be monitoring for any significant pressure drops that 
would indicate a freeze-off of the gas. The idea here is that if we do not have any freezing 
of the gas that we won’t have to worry about creating ice balls from pin hole air leaks 
during a longer run. Another goal here is to establish the control of the system in terms of 
how rapid the frozen gas would return to a gaseous state during scenarios of controlled 




Chapter 7: Results  
The goal for this system is to have the ability to load, freeze, controllably heat up, and 
unload pre-selected gases in a safe and time efficient manner. These tests included the 
pressurization, vacuum, and leak testing needed beforehand to verify there would be no 
issues with the experiments and to create a baseline of tests off of which future 
experimental results could be compared to track differences. Those objectives were tested 
in the following experiments. 
 
7.1 Non-Gas Loading Results 
This experiment was run first for safety reasons. Once the gas and vacuum lines had been 
tested and leak proofed, we wanted to start with the testing that would have the smallest 
safety risk involved. The main safety risk involved in cryo-system in general is having a 
leak in which outside air would be able to come in and freeze down inside the condenser 
at a rate almost undetectable either preventing the expensive target gases from being 
trapped in an area of highest flux, therefore decreasing activation levels, or in a worst case 
scenario, with enough air having frozen down, potentially flash back to gaseous form from 
a solid state that would induce a pressure wave large enough to fracture the canister.  
 
With that in mind this experiment was run in a very procedurally oriented manner 
especially given this would only be the first time the system had ever been fully tested. 
This trial was run three different times each time slightly different from the previous based 
on new things learned. The following graphs depict the cooldown and heat up times, 




Figure 43. Test 1 Temperature vs Pressure 
 
 
Figure 44. Test 1 Helium Compressor Temperature Statistics 
 
During this experimental set up, we pumped vacuum on the gas line down to 50 Torr closed 
that valved and then opened the valve to the vacuum canister surrounding the condenser 
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each section so there were less data points in this experiment that would be corrected for 
in future work. The system shows that it rapidly starts to drop temp and then after 120 K 
mark, we begin to see the pressure become affected as it also starts to drop as is expected. 
As this was happening, we were also monitoring the compressor values to verify that it was 
operating within its bounds in terms of flow rate and temperature of the chilled water, as 
well as the helium and oil temperatures. From this experiment we wanted to see these 
values remain steady and reach an equilibrium point which they seem to quickly approach 
from Figure 44 above.  
 
From Test 1 we were able to learn that the heat exchanger and helium compressor operated 
together exactly as expected and so we turned our attention to the cold finger temperatures 
and pressures for Test 2. We additionally begin to track the pressure differential and current 
output of the helium compressor to look for changes in how hard the system is working to 
cool down. This could potentially help indicate if there is a leak in future experiments by 
showing the system working harder of if a loss of pressure occurs in one of the lines and 
the helium is not getting to the cold finger.  
 
The results of Test 2 are listed in the following figures: 
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Figure 45. Test 2 Temperature, Pressure and Power Consumption 
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Figure 47. Test 2 Compressor Pressures 
 
After all the things learned in Test 1, we wanted to begin Test 2 with testing out the CTC 
100 temperature controller by setting the PID feedback controller to 250 K. However, it 
was quickly realized that this system was just too powerful to control at that temperature 
and after it blew by that mark, it was quickly turned off as can be seen at the 8:24 mark in 
Figure 45 when the temperature starts to decrease with a steeper slope due to the heater 
going from working at max capacity of 99 Watts to 0 watts. From that point on, Test 2 
became a test of how low of a temperature the system can achieve and how does that reflect 
in the pressures of the gas line as well as the helium compressor temperature and pressure 
statistics.  
 
From this test, we learned that the bottom out temperature for the system is around 47 K, 
and we also noted a trend for the pressure in the gas line that mirrors this drop as well as 
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From here the PID was turned back on and set to 50 K which was achieved 20 minutes 
after it was turned on and the system was then able to hold that temperature within a very 
low error.  
 
 
Figure 48. PID Feedback Controller Error at 50 K 
 
Once this set point had stabilized, we then set the controller to 60 K, let that stabilize, and 
then move to 75 K to see if we could start to see any larger pressure changes.  
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Figure 49. Test 2 Heat Up to Check for Large Pressure Changes 
 
However, once the temperature reached around 73 K it became apparent that the heating 
element on the temperature controller system was maxed out therefore losing any further 
capacity to control the system past this point. It was also noted that no large pressure 
changes were occurring which would indicate that there had not been any significant air 
leak into the system and no flashing was occurring. After surmising this Test 2 to be a 
success, and there were not any air leaks into the system, we added one last phase to the 














































Temp (K) Pressure (Torr)
 76 
 
Figure 50. Test 2 Loss-of-Coolant 
 
This was the last major question in the non-gas loading trials to answer, and since we were 
in a safe environment and it had been proven that there were no leaks, no gas flashes could 
occur. With this complete. we shut off the system and began to track the changes in 
temperature and pressure over the remaining time. It was found that the temperature, 
coming from a previously cryo-state environment and only being controllably warmed up 
to 74 K would only heat up at ~.45 K per minute given a complete loss of coolant from the 
helium compressor, and that the pressure as well dropped extremely slow. This was great 
news for the project, and it meant that in any failure scenario with equipment, with no heat 
input, we would never be in immediate danger of flashing the contents of the irradiation 
chamber. This situation will change when it is in the presence of the reactor due to the heat 
coming from nuclear interactions, but this was a great starting point that would allow me 
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Of the many things learned in Test 2, it  was also brought to our attention that there was no 
real idea of the range of control we had over the cold finger and thus it was decided that 
we needed to create a regression line from previously provided calibration data for the 
system so that we could track the actual temperature the cold finger was at while the  
temperature of the cold head was monitored simultaneously. 
 
Table. 6 Temperature Correlation for Cold-head and Cold-finger (Cryogenic Refrigerator 
Instillation and Operation Manual) 
Cold-Head Temp (K) Cold-Finger Temp (K) Input heat (Watts) 
42.5 55.9 0 
54.9 80 42.5 
 
From this data set provided a regression line was created for each of these situations so that 
we could then predict the temperature change based off that relationship.  
 
 





























Cold Head Temperatures (Kelvin)
No Heat Input 42.5 Watt Heat Input
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The data represented above in Table 6 come from 4 data points provided by Cryomech. 
Two of the data points being a temperature reading at the cold head and the cold finger 
without heat input, and the other two with a heat input of 42.5 watts, representing heat input 
from the reactor. Because of the small number of data points, we wanted to go ahead and 
re-create this test ourselves with and without gas to verify the data and check for any 
discrepancies. The results representing heat up of the cold-head with and without gas 
loaded into the canister are shown in Figures 52 and 53.  
 
 
Figure 52. Cold-Head Temperature Response Test No Gas Loaded 
 
From this test we can see the temperature level off at 56 K which is slightly above the 
temperature listed from the initial testing done by Cryomech. There is no real way to verify 
the temperature at the cold-finger follows the provided temperature correlation, but we can 





























Figure 53. Cold-Head Temperature Response Test with Xenon 
 
Figure 53 had Xenon loaded into the system and was heated at regular intervals of 
temperature correlating to 50 and 55 K and then the controller was set to equilibrate at 42.5 
watts. From these two figures we can see that the system behaves very similar whether gas 
is present or not and arrives at similar temp of 56.2 K when introduced to 42.5 watts of 
input heat.  
 
This result of both tests equilibrating at the same temperature was the goal of the test in 
that any discrepancy between the values with or without gas loaded into the system would 
have created another factor of how the temperature changes when heat is applied. Because 
we know they behave the same we are now only relying on the temperature testing done 



























With Test 2 being very successful and having verified the temperature correlations, a final 
test could be undertaken to gather a large amount of data points while operating the system 
from cool down through heat up. This will act as a standard for the future comparison with 
the Gas loading trials to see if there are different loads on the system in terms of time it 
takes to cool down as well as pressure differences.  
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Figure 55. Test 3 Compressor Temperatures 
 
 
Figure 56. Test 3 Compressor Pressures and Current 
 
For this last test we deemed it made the most sense to pull vacuum on the gas line and 
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experiment. This would ultimately bring us to the lowest temperature the system was able 
of achieving as well as continuously reassuring there was no gas leaking into the system. 
We would then be able to clearly track temperature over time as well as the pressures of 
the compressor and wattage input into the CTC 100.  This test now provides us with a set 
of standards to compare to when we start the Gas loading experiments, this will allow for 
conclusions to be drawn based on changes in pressure, temperature, time to achieve 
temperature, and power draw.  
 
7.2 Gas-Loading Results 
The following results come from two Nitrogen Freeze test and one Xenon Freeze Test. 
During these experiments the ultimate goal was to, after pulling vacuum, load the 
condenser with the chosen gas to atmosphere pressure, cool the system down, slowly warm 
it up as down in the NGL testing, and then draw similarities and differences between the 
two. Goals that were made accomplished during these tests include check to see if the 
pressure of the loaded system returned to the same value after letting it heat up over the 
course of 12 hours, as well as check to see if freezing does occur for a specific gas at low 
pressures and to note the associated pressure drop.  
 
During the first test we watched as the cold head temperature approached the 63 K mark 
that would signal, we were reaching the freezing point of nitrogen of 77 K at the cold 
finger. The following graphs show how the temperature is behaving almost identically to 
the NGL testing as if the system is strong enough it doesn’t notice it is filled with gas, 
however as we approach the freezing temperature, we notice a significant pressure drop in 
a matter of 30 minutes as we drop from 420 Torr to 43 Torr signaling that we are in fact 
freezing off the nitrogen in the condenser.  
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Figure 57. Nitrogen Freeze Test 1 Temperature and Pressure 
 
 
Figure 58. Nitrogen Freeze Test 1 Compressor Pressures 
 
During this test, we also briefly noted the helium compressor’s statistics to watch and see 
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that mass down. From the figure above it shows that is not the case as the numbers report 
identical to that of the NGL testing. After the system was allowed to reach its “bottom out” 
temperature of ~ 46 K we began to slowly heat it up with the resistive heater built into the 
CTC 100 and watched for any differences between the rates in the NGL testing phase.  
 
 
Figure 59. Nitrogen Freeze Test 1 Canister Heat-Up 
 
After watching a pressure spike similar to the drop seen during the “cool-down” phase of 
the experiment we turned the system off and let it attempt to return to its original start 
points. 
 
In the morning when returning to the lab, after letting the system heat up naturally, the 
temperature controller and pressure gauge read out 293k and 755 Torr exactly the same 
values as the start of the test indicating there were no leaks in the system and concluding 
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Nitrogen Freeze Test 2 has the same effect that the NGL test 2 had in that it improved on 
all of the Test 1 data taking and focused in on areas where potential discrepancies could 
form such as the pressure drops and heat up phases of the experiment. More time and data 
points were taken for these metrics as shown in the following graphs. 
 
 



































Figure 61. Nitrogen Freeze Test 2 Gas Line Pressure 
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Figure 63. Nitrogen Freeze Test 2 Canister Heat Up 
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During this test it was noted that the chilled water being received by NETL was running 
10°F above normal indicating that potentially one of the chilled water plants was shut down 
due to it being the day before a holiday. This had a non-insignificant effect on the 
experiment due to the chilled water loop running the helium compressor was directly 
affected causing temperatures to run ~4 °F higher and not allowing the system to reach its 
normal “bottom out temperature” of ~46 K as well as the pressure being ~ 1 Torr higher.  
It was because of this anomaly that the compressor’s temperature statistics started to be 
monitored in the heat up phase of the experiment. As the temperature, pressure, and wattage 
were monitored it became evident that with a gas loaded system time to heat up the system 
would take a much longer time, which makes sense due to the added mass in the condenser. 
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With this test complete it is time for the final test of inserting Xenon into the system to 
watch is behavior as we start the cryo system.  
 
 
Figure 66. Test 3 Xenon Loading Temperature 
 
Due to the type of pressure gauge used in this experiment the pressure read out was only 
valuable for very low-end ranges of 1-5 Torr. This is because the pressure gauge used 
works on thermal conductivity and was only calibrated for a variety of gases, none of which 
were xenon. The closest to Xenon in thermal conductivity that it was calibrated for was 
Krypton and due to that relationship between the two we could extrapolate to verify that 
we would still be able to see a pressure drop during the xenon freezing, despite the system 



























Figure 67. Test 3 Xenon Loading Gas Line Pressure 
 
As seen in the figure above, in correlation with a temperature value of 85.7 K, there is a 
distinct pressure drop in the system. If our regression is correct, this should correlate with 
105 K with no heat input, however we also must remember we are also at ~ 2 Torr which 
changes the phase diagram of Xenon and puts the freezing point right in the 100 – 105 K 
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Figure 68. Xenon Phase Diagram (Borgosano, 2012) 
 
However, it is also evident that there is a leak of air into the system estimated at a rate of 
0.001 Torr/second which would be equivalent to .005 liters/hour of air. This was noted and 
the test was closely monitored for any other signs that the compressor was working harder 




Figure 69. Test 3 Xenon Loading Compressor Temperatures 
 
 
Figure 70. Test 3 Xenon Loading Compressor Pressures 
 
From the figures above we saw no real difference in pressures or temperatures during this 
test as they approached equilibrium, equilibrated, and maintained both constant pressures 















































Figure 71. Test 3 Xenon Loading Heater Power vs Temperature 
 
This figure was created to demonstrate the relationship between the heat input and the 
temperature. From this we can see how, through the use of the PID controller, the CTC 100 
is able to approach a temperature, slightly pass it and then adjust the wattage to account for 
the error and then equilibrate over time. A more finely tuned PID could potentially take 
this to an exact temperature through the first iteration, however this would take 
exponentially longer. For the sake of time the PID setting were left as previously set and 



















































Chapter 8: Conclusions and Future Work 
With the system successfully tested and temporarily set up for both gas loading and 
unloading we conclude with the system performing satisfactorily with the ability to freeze 
down to 46 K on the cold head, 55 K on the cold finger, and warm up incrementally from 
that point with control well past 100 K. This will allow for the freezing of the target Xenon 
and Argon gases as well as safety measures to prevent other gases from returning to the 
gaseous phase from liquid or solid state too rapidly. With these steps proven the project 
can now progress into future phases including testing the trapping efficiency of the cold 
finger, max and min gas volumes that can be frozen at one time, and the ability to mix 
gases into one run.  
 
The first and foremost next step to undertake is to create a way to measure the trapping 
efficiency of the system. By that, there needs to exist a measurement system in place to 
look at volume of gas before and after the system operates, this can be done in a 
rudimentary fashion by simply looking at pressures, but to get a full picture of how the gas 
is settling inside of the irradiation condenser the system must be installed into the reactor, 
loaded with gas, and then have that gas run at a specific power level and counted for its 
activation. After this step is done, we can form a base line on activity, and from here we 
can then increase the volume incrementally to understand how effectively the gas is being 
targeted in the condenser. From simple calculations we can create a prediction curve for 
how much the activity should increase based on the increase in the number of atoms of the 
supposed gas and from there derive an efficiency of the cryo-trap.  
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Within this step comes the task of installation into the reactor which in itself is a time-
consuming task that will take planning in terms of how to load the system, procedures for 
what steps are taken first, and then tests for how effective the radiation shielding is around 
the facility. From the current simulations the dose to the surrounding area will be 
negligible, but the need for a real-world experiment is pertinent to demonstrate the 
streaming that will occur from the long tubes next to the reactor core.  
 
Once the system is installed into the core and these experiments begin, another test that 
will work hand in hand with the efficiency calculation will be the minimum and maximum 
values of gas that we can load into the system and have a significant read out from 
activation after a run. From this we should be able to find a minimum amount of gas 
necessary to achieve a specific activity and then the real prize will be finding the point at 
which we saturate the system and see a plateau in activity despite increases in volumes. 
This will be extremely important for future orders or experiments that will be run on this 
facility so that the experimenters will be able to know their operational bounds.  
 
After these initial tests are completed any other experiment whether it be loading multiple 
gases or cooling and heating in various cycles will be valuable in that they will be a “first 
of a kind” for this type of system and thus will provide new information available in the 
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Appendix A – MCNP Code 
***** UT-TRIGA - Core Model 01/26/00 ***** Case: 
c 
c Updated by Ryan Lester for Cryogenic Irradiation Facility Installment in BP1 
c Last Updated 6-2020 
c  
c  
c    Geometry version 3.30 
c    Coordinate origin on core axis at core midplane  
c    Experiment tubes, empty beam ports, empty RSR 
c    TRIGA33d as reference calculation w/rod position TR7; w/det. 
c 
c    678901234567890123456789012345678901234567890123456789012345 
c    ****0*********0*********0*********0*********0*********0***** 
c    Problem geometry cells. 
c    ****0*********0*********0*********0*********0*********0***** 
c    0         -100  -110  +120                  $Problem region 
c              +150  +155                        $Hex core region 
c    ****0*********0*********0*********0*********0*********0***** 
c    Cells   0 - 199 Basic TRIGA reactor core components 
c    ****0*********0*********0*********0*********0*********0***** 
c    Reactor core configuration 
c    Cells 0 - 9 core grid, plates and holes 
  0  1  -1.0   -202  +206                        $Core region  
 100 
               -231  +232  -233  +234  -235  +236 
               -241  +242  -243  +244  -245  +246   
         FILL=1                                  $+150  +155 
  1  2  -2.7   -206  +207                        $Lower grid plate 
               -211  +212  -213  +214  -215  +216 
               -221  +222  -223  +224  -225  +226 
         FILL=3                                  $+150  +155 
  2  2  -2.7   -203  -201  +202                  $Upper grid plate 
         FILL=5                                  $+150  +155 
c    ****0*********0*********0*********0*********0*********0***** 
c    Define configuration U = 1 to 5 
  3  1  -1.0   -101  +102  -103                  $Core lattice 
               +104  -105  +106        U=1  LAT=2 
         FILL=-7:7 -7:7 0:0  
      1 1 1 1 1 1 1 1 1 1 1 1 1 1 1                     $D17 E23 
      1 1 1 1 1 1 1   1  06  06  06  06  06   1   1       $E22 
      1 1 1 1 1 1  06   8   8   8   8   8   8  06   1 
      1 1 1 1 1  06   8   8   8  08  08   8   8  06   1  $E7  E6 
      1 1 1 1  06   8   8   8 9(7) 08   8   8   8  06   1  $D5  
      1 1 1  06   8   8   8   8   8   8   8   8   8  06   1 
      1 1  06   8   8   8   8  08  08   8   8   8   8  06   1 
      1   1   8   8   8 9(7) 08  10  08 7(7)  8   8   8   1   1 
        1  06   8   8   8   8  08  08   8   8   8   8  06   1 1 
          1  06   8   8   8   8   8   8  08  08   8  06   1 1 1 
            1  06   8   8   8 9(7)  8   8  08   8  06   1 1 1 1 
 101 
              1  06   8   8   8   8   8   8   8  06   1 1 1 1 1 
                1  06   8   8   8   8   8   8  06   1 1 1 1 1 1 
                  1   1  06  06  06  06  06   1   1 1 1 1 1 1 1 
                                  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
c 
c    ****0*********0*********0*********0*********0*********0***** 
  4  1  -1.0   -205                    U=2          
  5  2  -2.7    #4                     U=2          
c    ****0*********0*********0*********0*********0*********0***** 
  6  2  -2.7   -101  +102  -103                  $Cell lattice 
               +104  -105  +106        U=3  LAT=2  
         FILL=-7:7 -7:7 0:0  
      3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 
      3 3 3 3 3 3 3   3  02  02  02  02  02   3   3 
      3 3 3 3 3 3  02   2   2   2   2   2   2  02   3 
      3 3 3 3 3  02   2   2   2   2   2   2   2  02   3 
      3 3 3 3  02   2   2   2 9(7)  2   2   2   2  02   3 
      3 3 3  02   2   2   2   2   2   2   2   2   2  02   3 
      3 3  02   2   2   2   2   2   2   2   2   2   2  02   3 
      3   3   2   2   2 9(7)  2  10   2 7(7)  2   2   2   3   3 
        3  02   2   2   2   2   2   2   2   2   2   2  02   3 3 
          3  02   2   2   2   2   2   2   2   2   2  02   3 3 3 
            3  02   2   2   2 9(7)  2   2   2   2  02   3 3 3 3 
              3  02   2   2   2   2   2   2   2  02   3 3 3 3 3 
                3  02   2   2   2   2   2   2  02   3 3 3 3 3 3 
 102 
                  3   3  02  02  02  02  02   3   3 3 3 3 3 3 3 
                                  3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 
c 
c    ****0*********0*********0*********0*********0*********0***** 
  7  1  -1.0   -200                    U=4          
  8  2  -2.7    #7                     U=4          
c    ****0*********0*********0*********0*********0*********0***** 
  9  2  -2.7   -101  +102  -103                  $Cell lattice 
               +104  -105  +106        U=5  LAT=2   
         FILL=-7:7 -7:7 0:0  
      5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 
      5 5 5 5 5 5 5   5  04  04  04  04  04   5   5 
      5 5 5 5 5 5  04   4   4   4   4   4   4  04   5 
      5 5 5 5 5  04   4   4   4   4   4   4   4  04   5 
      5 5 5 5  04   4   4   4 9(7)  4   4   4   4  04   5 
      5 5 5  04   4   4   4   4   4   4   4   4   4  04   5 
      5 5  04   4   4   4   4   4   4   4   4   4   4  04   5 
      5   5   4   4   4 9(7)  4  10   4 7(7)  4   4   4   5   5 
        5  04   4   4   4   4   4   4   4   4   4   4  04   5 5 
          5  04   4   4   4   4   4   4   4   4   4  04   5 5 5 
            5  04   4   4   4 9(7)  4   4   4   4  04   5 5 5 5 
              5  04   4   4   4   4   4   4   4  04   5 5 5 5 5 
                5  04   4   4   4   4   4   4  04   5 5 5 5 5 5 
                  5   5  04  04  04  04  04   5   5 5 5 5 5 5 5 
                                  5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 
 103 
c 
c    ****0*********0*********0*********0*********0*********0***** 
c 
c    Reactor core structure 
c    Cells 10 - 29 reflector inner core shroud 
10  2  -2.7   -300  +302  -303  +202            $Alignment ring 
11  2  -2.7   -300  -202  +352                  $Alignment ring 
              (+231: -232: +241: -242: 
               +233: -234: +243: -244: 
               +235: -236: +245: -246)         
12  2  -2.7   +305  -306  +307                  $Shroud loading 
              (-311  +312  -321  +322  
               -313  +314  -323  +324 
               -315  +316  -325  +326)         
13  2  -2.7   -301  -352  +304                  $Alignment ring 
              (+331: -332: +341: -342: 
               +333: -334: +343: -344: 
               +335: -336: +345: -346)         
14  2  -2.7   +231  -331  -233  +236            $Reflector plate 
               -352  +306                      
15  2  -2.7   -232  +332  +234  -235            $Reflector plate 
               -352  +306                      
16  2  -2.7   +241  -341  -343  -345            $Reflector, bp3 
               -352  +306  +363                
17  2  -2.7   -242  +342  +344  +346            $Reflector plate 
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               -352  +306                      
18  2  -2.7   +233  -333  -331  -343            $Reflector plate 
               -352  +306                      
19  2  -2.7   -234  +334  +332  +344            $Reflector plate 
               -352  +306                      
20  2  -2.7   +235  -335  +332  -345            $Reflector plate 
               -352  +306                      
21  2  -2.7   -236  +336  -331  +346            $Reflector plate 
               -352  +306                     
22  2  -2.7   +243  -343  -241  -233            $Reflector plate 
               -352  +306                     
23  2  -2.7   -244  +344  +242  +234            $Reflector plate 
               -352  +306                     
24  2  -2.7   +245  -345  -241  -235            $Reflector plate 
               -352  +306                     
25  2  -2.7   -246  +346  +242  +236            $Reflector plate 
               -352  +306                     
26  2  -2.7   +241  -363  +364  -360            $Reflector BP3  
27  2  -2.7   -361  +362 -100            $Reflector BP1&5 
c    ****0*********0*********0*********0*********0*********0***** 
c    Cells 30 - 39 reflector outer shroud structure 
30  2  -2.7   -355  +361                        $Reflector cyclin 
               -350  +351  -352  +353   
31  2  -2.7   +355  +363                        $Reflector cyclin 
               -350  +351  -352  +353             
 105 
32  2  -2.7   -370  +371  -372  +373            $Cylinder, top 
33  2  -2.7   -374  -375  +376                  $Cylinder, bot 
              (+331: -332: +341: -342: 
               +333: -334: +343: -344: 
               +335: -336: +345: -346)         
34  2  -2.7   -370  +374  -375  +377            $Reflector edge rang 
35  2  -2.7   -352  -371  +380  +381            $Reflector rsr unit 
36  2  -2.7   -380  +300  +381  -382            $Reflector rsr unit 
37  2  -2.7   -352  +301  -300  +381            $Reflector rsr unit 
38  1  -1.0   +370  -351  -377  +120            $Edge ring error 
c    ****0*********0*********0*********0*********0*********0***** 
c    Cells 40 - 49 reflector graphite moderator 
40  4  -2.25    -400  +401  -402  +403          $Reflector graphite 
41  4  -2.25    -400  -403  +375  -404  +361  
                (+411: -412: +421: -422: 
                 +413: -414: +423: -424: 
                 +415: -416: +425: -426) 
               #(-361  +405)                     $Graphite, bp1&5 
42  4  -2.25   (-400  -403  +375  +404  +363 
                (+411: -412: +421: -422: 
                 +413: -414: +423: -424: 
                 +415: -416: +425: -426)) 
               #(-406 +408) #(-407 +409)         $Graphite, bp3 
43  8 -1.15e-3 (+371 -351 -373 +403)     #40 
                                                 $graphite void 
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                                                 $ <fix this ?> 
44  8 -1.15e-3 (-351  -403  +375  -404  +361  
                (+331: -332: +341: -342:  
                 +333: -334: +343: -344: 
                 +335: -336: +345: -346)) #41    $graphite void 
45  8 -1.15e-3 (-351  -403  +375  +404  +363  
                (+331: -332: +341: -342:  
                 +333: -334: +343: -344: 
                 +335: -336: +345: -346)) #42    $graphite void 
46  8 -1.15e-3  -304  +403  -301       
                (+331: -332: +341: -342:  
                 +333: -334: +343: -344: 
                 +335: -336: +345: -346)         $graphite void 
47  8 -1.15e-3  +301  -371  +403  -381          $graphite void 
c    ****0*********0*********0*********0*********0*********0***** 
c    Cells 50 - 59 pool coolant water 
c    exterior core water, above and below grid plates 
50  1  -1.0   -203  +201  -110                  $Upper gridplate 
51  1  -1.0   +203  -302  +202  -110            $Upper gridplate 
52  1  -1.0   +302  -300  +303  -110            $Upper gridplate 
53  1  -1.0   -305  -306  +307                  $Lower gridplate 
54  1  -1.0   -307  +120                        $Lower gridplate 
              (-311  +312  -321  +322  
               -313  +314  -323  +324 
               -315  +316  -325  +326)            
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55  1  -1.0   -207  +306                        $Lower gridplate 
              (-231  +232  -241  +242  
               -233  +234  -243  +244  
               -235  +236  -245  +246)           
56  1  -1.0   -206  +207                        $Lower gridplate 
              (+211: -212: +221: -222:  
               +213: -214: +223: -224: 
               +215: -216: +225: -226) 
              (-231  +232  -241  +242 
               -233  +234  -243  +244 
               -235  +236  -245  +246)            
57  1  -1.0   -351  +371  +372  -110            $Upper reflector 
58  1  -1.0   -374  -376  +120                  $Lower reflector 
              (+311: -312: +321: -322:  
               +313: -314: +323: -324: 
               +315: -316: +325: -326)         
59  1  -1.0   +306  -376                        $Lower reflector 
              (+331: -332: +341: -342:  
               +333: -334: +343: -344: 
               +335: -336: +345: -346) 
              (-311  +312  -321  +322  
               -313  +314  -323  +324 
               -315  +316  -325  +326)            
c    ****0*********0*********0*********0*********0*********0***** 
c    Cells 60 - 69 pool coolant water 
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c    exterior core water, around reactor core assembly 
c 02  8 -1.15e-3    (-406 +408) 
c    *TRCL (+35.255  -06.222  -6.985  30 120  90   60  30  90) $BP2 
c 04  8 -1.15e-3    (-407 +409) 
c    *TRCL (-22.871  +13.216  -6.985  60  30  90  150  60  90) $BP4 
950  8 -1.15e-3 -150 +160 -165 
     *TRCL (-60.00    00.00   00.00   00  90  90   90  00  90) $NP 
951  8 -1.15e-3 -150 +160 -165 
     *TRCL ( 57.96   -15.53   00.00   00  90  90   90  00  90) $NPP 
952  8 -1.15e-3 -150 +160 -165 
     *TRCL ( 42.43    42.43   00.00   00  90  90   90  00  90) $FC 
60  1  -1.0   +350  -355  +361  
              (-100  -110  +120) #950 #951       $Beam ports 1&5  
61  1  -1.0   +350  +355  +363 
              (-100  -110  +120) #950 #952 
             #(-406 +408) #(-407 +409)           $Beam ports 2&4 
62  1  -1.0   -363  +364  +360  -100            $reflector BP3  
63  1  -1.0   -350  +351  +352  -110            $reflector cylinder 
64  1  -1.0   -350  +351  -353  +120            $reflector cylinder 
65  1  -1.0   -370  +374  -377  +120            $reflector edge ring 
66  1  -1.0   +300  -371  +303  -110            $RSR removal 
67  2  -2.7   +370  -351  -375  +377            $edge ring error 
68  2  -2.7   -351  +370  -372  +373            $edge ring error 
c    ****0*********0*********0*********0*********0*********0***** 
c    Cells 70 - 79  beam port structure 
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c    bp 2 & 4 structure 
71  2  -2.7    (-406  +430) 
                       +350  +355  -100          $Reflector BP2 
72  2  -2.7    (-407  +440) 
                       +350  +355  -100          $Reflector BP4 
c    beam port 3 structure 
73  2  -2.7     +461  -462  -464                $Reflector BP3 
74  2  -2.7     -463  +464  +461  -100          $Reflector BP3 
75  1  -1.0     +241  -364  -461                $Reflector BP3 
76  1  -1.0     +463  -364  +461  -100          $Reflector BP3  
c    beam port 1, 3, 5 cavity 
77  4 -2.25 +450  -362  -451 +800            VOL =    $Reflector BP1 graphite 
78  8 -1.15e-3  +462  -464  -453                $Reflector BP3 
79  4 -2.25  -450  -362  +455                   $Reflector BP5 graphite 
c    **************** Cells 80 - 89 beam port cavity 
c    **************** beam port 1 ****************** 
  81  8  -1.15e-3  +451  -362  -100 +800  +815 +816               VOL=1   $air around canister 
800  3  -7.8      -800 +801 +802 +803 +804 +805 +806 +807  
                   +813 +814 +816                                         $outer canister  
807  0            -807 +801 +802 +803 +804 +805 +806 +813 +814           $outer canister 
vacuum 
801  3  -7.8      -801 +802 +803 +806 +808 +813          VOL=88.483987   $condenser 
808  8  -1.15e-3  -808 +806 +813                         VOL=303.16135   $condenser air  
804  9  -8.96     -804 +802 +803                         VOL=115.83358   $copper fins 
814  9  -8.96     -814 +802 +803                         VOL=265.45196   $copper-helium interface 
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805  3  -7.8      -805 +803 +806 +813 +816                               $last steel 
802  3  -7.8      -802 +811                                              $1/2inchpipe 
811  12 -1.5e-3   -811                                                   $1/2inchpipeAr 
813  3  -7.8      -813 +802 +812 +811                                    $1/2inchpipeconnection 
812  12 -1.5e-3   -812 +811 +802                                         $1/2inchpipedconnectionaAr 
803  3  -7.8      -803 +810                                              $5/16inchpipe 
810  12 -1.5e-3   -810                                                   $5/16inchpipeAr 
806  3  -7.8      -806 +803 +809 +810                                    $5/16connection 
809  12 -1.5e-3   -809 +803 +810                                         $5/16connectionAr 
815  3  -7.8      -815 +816                                      VOL=1   $outer-helium transfer line steel 
816  14 -1.15e-3  -816                                                   $inner-helium transfer line 
c **************************beam ports 2,3,4,5 ***************** 
82  8 -1.15e-3 (-430  +408) +350  -100  VOL=1   $Reflector BP2 
83  8 -1.15e-3  +453  -464  -100        VOL=1   $Reflector BP3 
84  8 -1.15e-3 (-440  +409) +350  -100  VOL=1   $Reflector BP4 
85  8 -1.15e-3  -455  -362  -100        VOL=1   $Reflector BP5  
c    Cells 90 - 94  rsr unit 
c     rotary specimen rack 
90  8 -1.15e-3  +300  -303  +352  -371          $RSR unit 
91  8 -1.15e-3  +300  +304  -352  -380          $RSR unit 
92  8 -1.15e-3  +300  -304  -380  +382          $RSR unit 
c    ****0*********0*********0*********0*********0*********0***** 
c    Cells 100 - 199 Fill universe for reactor core grid 
c                    Basic core components U = 6 to 9 
c    ****0*********0*********0*********0*********0*********0***** 
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c    Cells 100 - 109 graphite reflector elements 
100  1 -1.0     #101  #102  #103 
                #104  #105  #106        U=6      $element clad 
101  2 -2.7     -623  -609              U=6      $lower fitting 
102  2 -2.7     -605  -620  +621        U=6      $end closure 
103  4 -2.25    -605  -621  +622        U=6      $graphite 
104  2 -2.7     -605  -622  +623        U=6      $end closure 
105  2 -2.7     +620  -608              U=6      $upper fitting 
106  2 -2.7     +605  -607  -620  +623  U=6      $element clad 
c    Cells 110 - 119 reactor pulse control 
c      transient control rod 
110  1 -1.0   #(-502  -511  +516)       U=7      $element clad 
111  2 -2.7     -500  -510  +511        U=7      $end plug 
112  2 -2.7     -500  -511  +512        U=7      $spacer plug 
113  6 -2.52    -500  -512  +513        U=7      $absorber 
114  2 -2.7     -500  -513  +514        U=7      $spacer plug 
115  8 -1.15e-3 -500  -514  +515        U=7      $air follower 
116  3 -7.8     -500  -515  +516        U=7      $end plug 
117  3 -7.8     +500  -502  -511  +516  U=7      $element clad 
c    ****0*********0*********0*********0*********0*********0***** 
c    Cells 120 - 129 standard triga fuel element 
120  1 -1.0     #121  #122  #123 
                #124  #125  #126 
                #127  #128  #129        U=8      $element clad 
121  3 -7.8     -615  -603              U=8      $lower fitting 
 112 
122  3 -7.8     -600  -610  +611        U=8      $end closure 
123  4 -2.25    -600  -611  +612        U=8      $graphite 
124  5 -6.0     -600  -612  +613  +650  U=8      $fuel 
125  7 -6.49    -650  -612  +613        U=8      $Zr rod 
126  4 -2.25    -600  -613  +614        U=8      $graphite 
127  3 -7.8     -600  -614  +615        U=8      $end closure 
128  3 -7.8     +610  -604              U=8      $upper fitting 
129  3 -7.8     +600  -602  -610  +615  U=8      $element clad 
c    ****0*********0*********0*********0*********0*********0***** 
c    Cells 130 - 149 fuel follower control rods 
c      control rods: reg, shim1 & shim2 
130  1 -1.0   #(-507  -520  +531)       U=9      $element clad 
131  3 -7.8     -505  -520  +521        U=9      $end plug 
132  8 -1.15e-3 -505  -521  +522        U=9      $top space 
133  2 -2.7     -505  -522  +523        U=9      $spacer plug 
134  8 -1.15e-3 -505  -523  +524        U=9      $void gap 
135  6 -2.52    -505  -524  +525        U=9      $absorber 
136  2 -2.7     -505  -525  +526        U=9      $spacer plug 
137  8 -1.15e-3 -505  -526  +527        U=9      $void gap 
138  5 -6.0     -505  -527  +528  +550  U=9      $fuel follower 
139  7 -6.49    -550  -527  +528        U=9      $Zr rod   
140  2 -2.7     -505  -528  +529        U=9      $spacer plug 
141  8 -1.15e-3 -505  -529  +530        U=9      $bot space 
142  3 -7.8     -505  -530  +531        U=9      $end plug 
143  3 -7.8     +505  -507  -520  +531  U=9      $element clad 
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c 
c    ****0*********0*********0*********0*********0*********0***** 
c    Cells 200 - 999 Modifications and experiment components 
c                    Core experiment modifications U = 10 to 50 
c    ****0*********0*********0*********0*********0*********0***** 
c    Cells 200 - 499 core experiments 
c     CT tube 
200  1 -1.0     +900                    U=10     $CT cell water 
201  2 -2.7     -900  +901  -110        U=10     $Center tube 
202  1 -1.0     -901   FILL=20 (0 0 0)  U=10     $CT fill water 
205  8 -1.15e-3 -905  -907  +909        U=20     $CT sample void 
210  1 -1.0     #205                    U=20     $CT sample void 
c    ****0*********0*********0*********0*********0*********0***** 
c     PTS system w/o Cd 
300  1  -1.0    +910                    U=30     $PTSsystem water 
301  2  -2.7    -910  +911  +919  -110  U=30     $PTSsystem outer 
302  2  -2.7    -912  +913  +919  -110  U=30     $PTSsystem inner 
303  8 -1.15e-3 +912  -914  +916  -110  U=30     $PTS no liner 
304  8 -1.15e-3 +912  -914  -916  +919  U=30     $PTS system gap 
305  8 -1.15e-3 -911  +914  +919  -110  U=30     $PTS system gap 
306  2  -2.7    -913  -917  +918        U=30     $No end shadow 
307  8 -1.15e-3 #306  -913  +919  -110  U=30     $PTS system air =2pc 
308  2  -2.7    -913  -917  +918        U=30     $Sample capsule 
309  2  -2.7    -910  -919  +120        U=30     $end assembly 
c     PTS system and Cd 
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350  1  -1.0    +910                    U=35     $PTSsystem water 
351  2  -2.7    -910  +911  +919  -110  U=35     $PTSsystem outer 
352  2  -2.7    -912  +913  +919  -110  U=35     $PTSsystem inner 
353 10  -8.65   +912  -914  +916  -110  U=35     $PTS Cd liner 
354  8 -1.15e-3 +912  -914  -916  +919  U=35     $PTS system gap 
355  8 -1.15e-3 -911  +914  +919  -110  U=35     $PTS system gap 
356 10  -8.65   -913  -917  +918        U=35     $Cd end shadow 
357  8 -1.15e-3 #356  -913  +919  -110  U=35     $PTS system air =2pc 
358  2  -2.7    -913  -917  +918        U=35     $sample capsule 
359  2  -2.7    -910  -919  +120        U=35     $end assembly 
c    ****0*********0*********0*********0*********0*********0***** 
c     GD3 system w/o Cd  
400  1  -1.0    +920                    U=40     $T3system water 
401  2  -2.7    -920  +921              U=40     $T3system outer 
402  2  -2.7    -922  +923              U=40     $T3system inner 
403 11 -11.4    +922  -924              U=40     $T3 Pb liner 
404  8 -1.15e-3 -921  +924              U=40     $T3 system gap 
405  8 -1.15e-3 -923                    U=40 
409  8 -1.15e-3 -921 Fill=50 (0 0 0)    U=40     $T3 sample can 
410  1  -1.0 -100 fill=40 (+2.17678  +1.0033  0.0) U=41   $D-17 
420  1  -1.0 -100 fill=40 ( 0.0      -2.76606 0.0) U=42   $E-22 
430  1  -1.0 -100 fill=40 (-2.17678  +1.0033  0.0) U=43   $E-23 
450  1  -1.0    +920                    U=45     $T3system water 
451  2  -2.7    -920  +921              U=45     $T3system outer 
452  2  -2.7    -922  +923              U=45     $T3system inner 
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453 10  -8.65   +922  -924              U=45     $T3 Cd liner 
454  8 -1.15e-3 -921  +924              U=45     $T3 system gap 
455  8 -1.15e-3 -923                    U=45 
459  8 -1.15e-3 -921 Fill=50 (0 0 0)    U=45     $T3 sample can 
460  1  -1.0 -100 fill=45 (+2.17678  +1.0033  0.0) U=46    $D-17 
470  1  -1.0 -100 fill=45 ( 0.0      -2.76606 0.0) U=47    $E-22 
480  1  -1.0 -100 fill=45 (-2.17678  +1.0033  0.0) U=48    $E-23   
490  8 -1.15e-3 #491  #492  #493  #494  U=50     $CT sample can 
491  2  -2.7    -922  +923  -950  +955  U=50     $T3 can cylinder 
492  2  -2.7    +922  -924  -950  +955  U=50     $T3 can liner 
493  2  -2.7    -923  +950  -951        U=50     $T3 can upper 
494  2  -2.7    -923  -955  +956        U=50     $T3 can lower 
c    ****0*********0*********0*********0*********0*********0***** 
c    Cells 500 - 799 beam port experiments 
c    Cells 800 - 999 other modifications 
c    Core experiment modifications U = 60 to 90 
c    ****0*********0*********0*********0*********0*********0***** 
c 900  1  -1.0    -150  +160 -165         U=99     $Detector 
c 901  1  -1.0 -150 +160 -165  fill=99 (+0.0  +64.0  +0.0) $Detector 
999 0           +100: +110: -120       $Non Problem region 
c                    :(-100  -150) 
c                    :(-100  -155) 
c    ****0*********0*********0*********0*********0*********0***** 
  
c    ****0*********0*********0*********0*********0*********0***** 
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c    Problem geometry surfaces. 
c    ****0*********0*********0*********0*********0*********0***** 
c    Define PROBLEM radial domain: 
100     CZ     +150                    $Cylinder 
c    hexagonal cell lattice surfaces 
101     PX      +2.17678              $Fuel lattice hex-prism 
102     PX      -2.17678              $Fuel lattice hex-prism 
103     P   +1   1.73205  0  +4.35356 $Fuel lattice hex-prism 
104     P   +1   1.73205  0  -4.35356 $Fuel lattice hex-prism 
105     P   -1   1.73205  0  +4.35356 $Fuel lattice hex-prism 
106     P   -1   1.73205  0  -4.35356 $Fuel lattice hex-prism 
c    Define PROBLEM axial domain: 
110     PZ     +75                    $UPPER BOUND 
120     PZ     -75                    $LOWER BOUND 
150     CZ     +5.08                  $Detector Cylinder 
160     PZ     +10                    $Detector Lower 
165     PZ     +30                    $Detector Upper 
c 150     P    1  +1.732    0  0        $One-sixth plane 
c 155     P    1  -1.732    0  0        $One-sixth plane 
c    ****0*********0*********0*********0*********0*********0***** 
c 
c    reactor core grid plate surfaces 
200     CZ       1.91135    $Grid plate element holes 
201     PZ     +32.3850     $Upper grid plate region 
202     PZ     +30.7975     $Upper grid plate region 
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203     CZ      27.6225     $Upper grid plate diameter 
205     CZ       1.5875     $Grid plate coolant holes   
206     PZ     -33.17875    $Lower grid plate region 
207     PZ     -36.35375    $Lower grid plate region 
c 208     CZ     +27.6225    $Effective core radius 
211     PX     +26.1216               $Lower grid plate edge 
212     PX     -26.1216               $Lower grid plate edge 
213     P   +1   0.57735  0  +29.0240 $Lower grid plate edge 
214     P   +1   0.57735  0  -29.0240 $Lower grid plate edge 
215     P   -1   0.57735  0  +29.0240 $Lower grid plate edge 
216     P   -1   0.57735  0  -29.0240 $Lower grid plate edge 
221     PY     +25.1360               $Lower grid plate edge 
222     PY     -25.1360               $Lower grid plate edge 
223     P   +1   1.73205  0  +52.2432 $Lower grid plate edge 
224     P   +1   1.73205  0  -52.2432 $Lower grid plate edge 
225     P   -1   1.73205  0  +52.2432 $Lower grid plate edge 
226     P   -1   1.73205  0  -52.2432 $Lower grid plate edge 
231     PX      +26.6700              $Core shroud inside surface 
232     PX      -26.6700              $Core shroud inside surface 
233     P   +1   0.57735  0  +29.2100 $Core shroud inside surface 
234     P   +1   0.57735  0  -29.2100 $Core shroud inside surface 
235     P   -1   0.57735  0  +29.2100 $Core shroud inside surface 
236     P   -1   0.57735  0  -29.2100 $Core shroud inside surface 
241     PY     +25.4000               $Core shroud inside surface 
242     PY     -25.4000               $Core shroud inside surface 
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243     P   +1   1.73205  0  +54.9275 $Core shroud inside surface 
244     P   +1   1.73205  0  -54.9275 $Core shroud inside surface 
245     P   -1   1.73205  0  +54.9275 $Core shroud inside surface 
246     P   -1   1.73205  0  -54.9275 $Core shroud inside surface 
c    ****0*********0*********0*********0*********0*********0***** 
c    core structure surfaces 
c    reflector inner shroud 
300     CZ      30.083125             $Grid plate alignment ring 
301     CZ      29.765625             $Grid plate alignment ring 
302     CZ      27.9400               $Grid plate alignment ring 
303     PZ     +33.9725               $Grid plate alignment ring 
304     PZ     +26.3525               $Grid plate alignment ring 
c    shroud load ring 
305     CZ      24.7650               $Reflector shroud load ring 
306     PZ     -37.30625              $Reflector shroud load ring 
307     PZ     -39.52875              $Reflector shroud load ring 
c  
311     PX     +29.2100               $Reflector shroud support 
312     PX     -29.2100               $Reflector shroud support 
313     P   +1   0.57735  0  +32.385  $Reflector shroud support 
314     P   +1   0.57735  0  -32.385  $Reflector shroud support 
315     P   -1   0.57735  0  +32.385  $Reflector shroud support 
316     P   -1   0.57735  0  -32.385  $Reflector shroud support 
321     PY     +27.9400               $Reflector shroud support 
322     PY  -27.9400                  $Reflector shroud support 
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323     P   +1   1.73205  0  +59.3725 $Reflector shroud support 
324     P   +1   1.73205  0  -59.3725 $Reflector shroud support 
325     P   -1   1.73205  0  +59.3725 $Reflector shroud support 
326     P   -1   1.73205  0  -59.3725 $Reflector shroud support 
c 
331     PX     +27.3050               $Core shroud plate exterior 
332     PX     -27.3050               $Core shroud plate exterior 
333     P   +1   0.57735  0  +29.8450 $Core shroud plate exterior 
334     P   +1   0.57735  0  -29.8450 $Core shroud plate exterior 
335     P   -1   0.57735  0  +29.8450 $Core shroud plate exterior 
336     P   -1   0.57735  0  -29.8450 $Core shroud plate exterior 
341     PY     +26.0350               $Core shroud plate exterior 
342     PY     -26.0350               $Core shroud plate exterior 
343     P   +1   1.73205  0  +56.5150 $Core shroud plate exterior 
344     P   +1   1.73205  0  -56.5150 $Core shroud plate exterior 
345     P   -1   1.73205  0  +56.5150 $Core shroud plate exterior 
346     P   -1   1.73205  0  -56.5150 $Core shroud plate exterior 
c    reflector outer shroud 
350     CZ      54.76875    $Reflector outer shroud 
351     CZ      53.49875    $Reflector outer shroud 
352     PZ     +28.8925     $Outer shroud upper edge 
353     PZ     -32.0675     $Outer shroud lower edge 
355     PY      +0.0        $Core shroud section plane  
c    reflector beam ports 
360     PY     +55.5625                                 $Radial penetrating beam port 
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361     C/X    -35.2552  -6.985   7.62                  $Tangential thru beam port 
c 
800     RCC    10.16    -35.2552 -7 35.56   0 0 5.40       $outer-canister-steel 0.3302cm 
807     RCC    10.55624 -35.2552 -7 32.56   0 0 5.07       $outer-canister-vacuum 
801     RCC    10.87374 -35.2552 -8 10.4775 0 0 3.59       $condenser-steel 
808     RCC    11.19124 -35.2552 -8 10.16   0 0 3.264      $condenser-vacuum 
804     RCC    21.35124 -35.2552 -8  3.3412 0 0 3.81       $copper-fins 
814     RCC    24.69244 -35.2552 -8  7.62   0 0 3.175      $copper-helium interface 
805     RCC    32.31244 -35.2552 -8 10.8038 0 0 2.86       $end-pipe-steel 
815     RCC    45.72    -35.2552 -8 100     0 0 2          $outer-helium transfer line 
816     RCC    32.31244 -35.2552 -8 113     0 0 1.25       $inner-helium transfer line 
c 
c ******************BP1 CANISTER 
PIPING******************************************** 
802     RCC    12.14374  -35.8   -2.75 31.5 0 0  0.635      $1/2inchpipe 
803     RCC    13.43374  -34.5   -3    31.5 0 0  0.397      $5/16inchpipe 
806     RCC    14        -34.5   -4.2   0 0 1.25 0.397      $5/16inchpipeturn 
809     RCC    14        -34.5   -4.2   0 0 1.25 0.367      $5/16inchpipeturnair 
810     RCC    13.43374  -34.5   -3    31.5 0 0  0.367      $5/16inchpipeair 
811     RCC    12.14374  -35.8   -2.75 31.5 0 0  0.535      $1/2inchpipeair 
812     RCC    14     -35.8   -4.2   0 0 1.25 0.55       $1/2inchpipedconnectionair 
813     RCC    14      -35.8   -4.2   0 0 1.25 0.65       $1/2inchpipeconnection 
c  
362     C/X    -35.2552  -6.985   6.9088                    $Tangential thru beam port 
363     C/Y      0.0     -6.985  10.160                     $Radial penetrating beam port 
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364     C/Y      0.0     -6.985   9.525                     $Radial penetrating beam port 
c     
370     CZ      53.3400     $Reflector top shroud 
371     CZ      37.4650     $Reflector top shroud 
372     PZ     +29.5275     $Reflector top shroud 
373     PZ     +28.2575     $Reflector top shroud 
374     CZ      52.0700     $Reflector inner shroud base 
375     PZ     -27.9400     $Reflector inner shroud base 
376     PZ     -29.5275     $Reflector inner shroud base 
377     PZ     -36.8300     $Reflector shroud edge ring 
c    rsr experiment system 
380     CZ      37.1475     $RSR cavity outer ring 
381     PZ      +6.9850     $RSR cavity base 
382     PZ      +7.3025     $RSR cavity base 
c    ****0*********0*********0*********0*********0*********0***** 
c    graphite reflector surfaces 
400     CZ      53.0225     $Graphite reflector outer radius 
401     CZ      37.7825     $Graphite reflector inner radius 
402     PZ      27.6225     $Graphite reflector upper section 
403     PZ       6.3500     $Graphite reflector section plane 
404     PY     -20.32       $Graphite reflector section plane 
405     PY     -35.2552     $Beam port penetration 
c        C/Y      0.0     -6.985  10.160         $Radial penetrating beam port, bp3 
c        C/X    -35.2552  -6.985   7.62          $Tangential thru beam port,  bp1&5 
406  2  CY      7.62        $Tangential beam port, bp2 
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407  4  CY      7.62        $Radial beam port, bp4 
408  2  PY      0.0         $Tangential beam port, bp2 
409  4  PY      0.0         $Radial beam port, bp4 
411     PX    +27.78125                $Graphite inner surface 
412     PX    -27.78125                $Graphite inner surface 
413     P   +1  0.57735  0  +31.00875  $Graphite inner surface +1 
414     P   +1  0.57735  0  -31.00875  $Graphite inner surface +1 
415     P   -1  0.57735  0  +31.00875  $Graphite inner surface +1 
416     P   -1  0.57735  0  -31.00875  $Graphite inner surface +1 
421     PY    +26.431875               $Graphite inner surface 
422     PY    -26.431875               $Graphite inner surface 
423     P   +1  1.73205  0  +57.30875  $Graphite inner surface +1 
424     P   +1  1.73205  0  -57.30875  $Graphite inner surface +1 
425     P   -1  1.73205  0  +57.30875  $Graphite inner surface +1 
426     P   -1  1.73205  0  -57.30875  $Graphite inner surface +1 
c 
430  2  CY      6.9088      $Tangential beam port, bp2 
440  4  CY      6.9088      $Radial beam port, bp4 
c 
450     PX      0.0         $BP1&5 origin 
c    beam port tally surfaces bp1&5 and bp3 
451     PX     +10.16       $BP1 
453     PY     +40.90       $BP3 
455     PX    -10.16        $BP5 
c    pool structure pipe, bp3 
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461     PY     +25.600                $Radial penetrating beam port, bp3 
462     PY     +26.235                $Radial penetrating beam port, bp3 
463     C/Y      0.0  -6.985  7.62    $Radial penetrating beam port, bp3 
464     C/Y      0.0  -6.985  6.9088  $Radial penetrating beam port, bp3 
c    ****0*********0*********0*********0*********0*********0***** 
c    control element surfaces 
500     CZ       1.5113     $Control ELEMENT - absorber surface, radius 
c         CZ       1.51638    $Control ELEMENT - clad inner surface 
502     CZ       1.5875     $Control ELEMENT - clad outer surface 
505     CZ       1.6637     $Control ELEMENT - absorber surface, radius 
c         CZ       1.6637     $Control ELEMENT - clad inner surface 
507     CZ       1.7145     $Control ELEMENT - clad outer surface 
c 
510     PZ     +24.765      $Control ELEMENT - element plug, end 
511     PZ     +24.13       $Control ELEMENT - magneform plug, upper 
512     PZ     +19.05       $Control ELEMENT - absorber surface, length/2 
513     PZ     -19.05       $Control ELEMENT - absorber surface, length/2 
514     PZ     -21.59       $Control ELEMENT - magneform plug, lower 
515     PZ     -70.8025     $Control ELEMENT - air follower section 
516     PZ     -72.7075     $Control ELEMENT - element plug, end 
c 
520     PZ     +34.925      $Control ELEMENT - element plug, end 
521     PZ     +31.115      $Control ELEMENT - void gap  
522     PZ     +20.6375     $Control ELEMENT - magneform plug, upper 
523     PZ     +19.3675     $Control ELEMENT - void gap 
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524     PZ     +19.05       $Control ELEMENT - absorber surface, length/2 
525     PZ     -19.05       $Control ELEMENT - absorber surface, length/2 
526     PZ     -20.32       $Control ELEMENT - magneform plug, lower 
527     PZ     -20.955      $Control ELEMENT - void gap  
528     PZ     -59.055      $Control ELEMENT - fuel follower section 
529     PZ     -61.595      $Control ELEMENT - void gap 
530     PZ     -74.93       $Control ELEMENT - magneform plug, bottom 
531     PZ     -76.20       $Control ELEMENT - element plug, end 
c 
550     CZ       0.28575    $Zirconium rod 
c 
c    ****0*********0*********0*********0*********0*********0***** 
c    fuel and moderator element surfaces 
600     CZ       1.816      $FUEL ELEMENT - fuel region surface, radius 
c        CZ       1.816      $FUEL ELEMENT - clad inner surface 
602     CZ       1.867      $FUEL ELEMENT - clad outer surface 
603     CZ       1.5306     $FUEL - adapter effective radius, lower 
604     CZ       1.9426     $FUEL - adapter effective radius, upper 
605     CZ       1.816      $Graphite ELEMENT - element surface, radius 
c        CZ       1.816      $Graphite ELEMENT - clad inner surface 
607     CZ       1.867      $Graphite ELEMENT - clad outer surface 
608     CZ       1.9426     $Graphite - adapter effective radius, upper 
609     CZ       1.5306     $Graphite - adapter effective radius, lower 
c 
610     PZ     +28.5877     $FUEL ELEMENT - element end region, upper 
 125 
611     PZ     +27.7368     $FUEL ELEMENT - graphite end region, upper 
612     PZ     +19.05       $FUEL ELEMENT - fuel surface, length/2 
613     PZ     -19.05       $FUEL ELEMENT - fuel surface, length/2 
614     PZ     -27.7368     $FUEL ELEMENT - graphite end region, lower 
615     PZ     -28.5877     $FUEL ELEMENT - element end region, lower 
c 
620     PZ     +28.5877     $Graphite ELEMENT - element end, upper 
621     PZ     +27.7368     $Graphite ELEMENT - graphite end, upper 
622     PZ     -27.7368     $Graphite ELEMENT - graphite end, lower 
623     PZ     -28.5877     $Graphite ELEMENT - element end, lower 
c 
650     CZ       0.28575           $Zirconium rod 
c    ****0*********0*********0*********0*********0*********0***** 
c    reactor core modifications, surfaces 
c    center tube irradiations 
900     CZ       1.905                $ Center tube outer radius 
901     CZ       1.69418              $ Center tube inner radius 
905     CZ       1.5                  $Sample radius 
907     PZ      +0.5                  $Sample length 
909     PZ      -0.5                  $Sample length 
c    1-element experiment; PTS tube with/out Cd  
c    reference to lower grid plate -33.17875       
910     CZ      +1.74625              $Al transport tube outer radius 
911     CZ      +1.53543              $Al transport tube inner radius 
912     CZ      +1.11125              $Al sample tube outer radius 
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913     CZ      +0.86995              $Al sample tube inner radius 
914     CZ      +1.16205              $Cd two layer liner  
c 915     PZ      -2.07645              $PTS sample stop 
916     PZ     -18.89125              $Cd absorber end 
917     PZ     -21.1264591            $Cd absorber disk, upper edge 
918     PZ     -21.17725              $Cd absorber disk, lower edge 
919     PZ     -30.32125              $PTS bottom section 
c    3-element experiment; tube with Cd or Pb 
c    reference to lower grid plate -33.17875       
920     CZ      +2.38125              $Al can outer radius 
921     CZ      +2.2225               $Al can inner radius 
922     CZ      +2.06375              $Al sleeve outer radius 
923     CZ      +1.93929              $Al sleeve inner radius 
924     CZ      +2.16535              $Cd liner outer radius 
c 930     CZ     +0.47625               $Al structure rod 
c 940     PZ     -30.xxxx               $Al bearing section 
950     PZ      +2.54                 $Al upper end cap 
951     PZ      +2.5908               $Al upper end cap 
955     PZ      -2.54                 $Al lower end cap 
956     PZ      -2.5908               $Al lower end cap 
c    ****0*********0*********0*********0*********0*********0***** 
  
c    ****0*********0*********0*********0*********0*********0***** 
c    Append problem data. 
c    ****0*********0*********0*********0*********0*********0***** 
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c 
c    Transformations for beam tube locations: 
c 
c Thru port, small 
  *TR1  0.0      -35.255  -6.985  00  90  90   90  00  90  $BP1 
c Tang port, small 
  *TR2  +35.255  -06.222  -6.985  30 120  90   60  30  90  $BP2 
c Radial port, large 
  *TR3  0.0      +25.600  -6.985  00  90  90   90  00  90  $BP3 
c Radial port, small 
  *TR4  -22.871  +13.216  -6.985  60  30  90  150  60  90  $BP4 
c Thru port, large 
  *TR5  0.0      -35.255  -6.985  00  90  90   90  00  90  $BP5 
c 
c    Transformations for control rod positions: 
c     
  TR6  0  0  00.00     1 0 0  0 1 0    $(000 u) shutdown condition 
  TR7  0  0  20.83594  1 0 0  0 1 0    $(525 u) low power critical 
  TR8  0  0  27.78125  1 0 0  0 1 0    $(700 u) design high power 
  TR9  0  0  38.10     1 0 0  0 1 0    $(960 u) full-out condition 
c 
c    ****0*********0*********0*********0*********0*********0***** 
c    Materials for reactor components 
M1    1001.66c     .66667               
      8016.66c     .33333              $H2O, coolant & moderator 
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MT1   lwtr.01t                         $300K 
M2   13027.92c   -0.9685                
     26000.50c   -0.0070                
     29000.50c   -0.0025                
     14000.60c   -0.0060                
     12000.66c   -0.0110                
     24000.50c   -0.0035                
     25055.66c   -0.0015               $AL structure type 6061 
c     22000.      -0.0015               $titanium: 0.15 
c     30000.      -0.0025               $zinc: 0.25 
M3   26000.50c   -0.6785                
      6000.66c   -0.0080                
     14000.60c   -0.0100                
     24000.50c   -0.1800                
     28000.50c   -0.0980                
     25055.66c   -0.0180                
     15031.66c   -0.0045                
     16000.66c   -0.0030               $SS structure type 304  
M4    6000.66c    1.0                  $C graphite 
MT4   grph.01t                         $300K 
M5   40000.66c   -0.8991045             
      1001.66c   -0.0158955             
     92238.66c   -0.068170              
     92235.66c   -0.0167875            $Fresh U-ZrH Fuel 
MT5   zr/h.01t                          
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      h/zr.01t                          
M6    5010.66c     .1584               $B4C 
      5011.66c     .6416               $B4C 
      6000.66c     .2                  $carbon 
M7   40000.66c    1.0                  $Zr Rod  
M8    8016.66c   -0.23                 $air 
      7014.66c   -0.77 
M9   29000        1.0                  $copper 
M10  48000.50c   -1.0                  $Cd neutron absorber liner 
M11  82000.50c   -1.0                  $Pb neutron absorber liner 
M12  18036.80c    1.0                  $argon-36 **This is at 293.6 K 
c    18036.85                          $This is at .1K 
c    18000                             $Ar 
M13  54000        1.0                  $Xe 
c    54126.85c                         $Xe @ .1 K 
c    54126.80c                         $Xe @ 293.6K 
M14  2004.85c     1.0                  $He-4 @ .1k **can we find one around 4k?** 
c    2000                              $He  
c    ****0*********0*********0*********0*********0*********0***** 
MODE     N P 
phys:p 
IMP:N    1         189r      0 
IMP:P    1         189r      0 
c    Criticality calculation  
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kcode   100000     1.0       50    200   $check mcnp6 manual to change number of kcode 
iterations  
ksrc    3.5       0         0 
tmesh 
   CMESH3   trans 10           $(this decides how the mesh lies on the grid) 
   cora3  0 1i     7.62        $(adds more cylinders, amount of mesh, width of mesh 
   corb3  0 10i  100           $(moves the mesh right or left , amount of mesh , length of mesh) 
   corc3    10i  360           $(nothing, coarseness of mesh, this defines an angel of the mesh) 
endmd 
c 0.0      -35.255  -6.985  00  90  90   90  00  90 $BP1 Trans - Original 
c *TR10 0 -35 -7.56 90 90 0 90 0 90 0 90 90 1        $Marji - Trans 
*TR10   0 -35  -7.56   90 0 0   90 90 0   0 0 90   1 




FMESH44:n GEOM=CYL ORIGIN= 0 -35 -7.56 
      IMESH= 9   IINTS=50 
      JMESH= 150 JINTS=50 
      KMESH= 1   KINTS=10 




Appendix B – SCALE Code 
=origen 








order=16 % Order of method (default=16) 
% 2-4 substeps results in large accuracy gain with marginal runtime increase (pg 691) 




print_xs=no % Output transition matrix x-sections 
digits=4 % high-precision with digits=6, 4 is standard 
fixed_fission_energy=no % fixed fission energy is 200 MeV/fission 
} 
bounds{ 
neutron="origen.rev01.jeff252g" % 252-group structure read from JEFF library used in 
COUPLE 
alpha = [9I 1e6 2e7] % 10 linearly spaced bins from 1 MeV to 20 MeV 
beta = [22I 1 100] % 23 linearly spaced bins from 1 to 100 eV 



















Fe=.65*4173 Cr=0.18*4173 Mn=0.02*4173 
Ni=0.08*4173 Si=0.0075*4173 C=0.008*4173  
N=0.001*4173 P=0.00045*4173 S=0.0003*4173 %SS 304 composition ~9.2 lbs. 
Cu=2358.68 %Copper Condenser ~ 5.2 lbs. 
% Ar-36=1.7828 %1 Liter of Argon Gas  
% Xe-126=5.8971 %1 Liter of Xenon Gas 
% Ar-36=1.7828*3 %3 Liter of Argon Gas  
% Xe-126=5.8971*3 %3 Liter of Xenon Gas 
Ar-36=1.7828*20 %10 Liter of Argon Gas  
Xe-126=5.8971*20 %10 Liter of Xenon Gas 
Ni = 1 
' Xe-124=0.001 
' Xe-132=1  
' Xe-130=1 
' Ar-40=1 
' kr-78=1 kr-84=1 




units = HOURS 
t = [ 8 16 24 32 40 48 %2 Day increments in 8 hour segments 
56 64 72 80 88 96 
104 112 120 128 136 144 
152 160 168 176 184 192 
200 208 216 224 232 240 % 10 Day Mark *** 
248 256 264 272 280 288 
296 304 312 320 328 336 
344 352 360 368 376 384  
392 400 408 416 424 432  
440 448 456 464 472 480 % 20 Day Mark ***  
]%488 496 504 512 520 528 
% 536 544 552 560 568 576 
% 584 592 600 608 616 624 
%632 640 648 656 664 672 
%680 688 696 704 712 720 % 30 Day Mark *** 
 
 
%8760 % 1 year later 
%]  
}  
flux = [2E+12 0 2E+12 0 2E+12 0 %2 Day increments of irradiation and decay  
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2E+12 0 2E+12 0 2E+12 0  
2E+12 0 2E+12 0 2E+12 0  
2E+12 0 2E+12 0 2E+12 0 
2E+12 0 2E+12 0 2E+12 0 % 10 Day Mark *** 
2E+12 0 2E+12 0 2E+12 0 
2E+12 0 2E+12 0 2E+12 0 
2E+12 0 2E+12 0 2E+12 0 
2E+12 0 2E+12 0 2E+12 0 
2E+12 0 2E+12 0 2E+12 0 % 20 Day Mark *** 
]%2E+12 0 2E+12 0 2E+12 0 
% 2E+12 0 2E+12 0 2E+12 0 
% 2E+12 0 2E+12 0 2E+12 0 
% 2E+12 0 2E+12 0 2E+12 0 
% 2E+12 0 2E+12 0 2E+12 0 % 30 Day Mark *** 
%]  














principal_step=LAST % determine principle emitters based on last step 


















file="end7dec" % decay library from Origen 
} 
time ={ 
units = days  
start = 0 

















neutron=yes % options control the (alpha,n) reaction 
alpha=yes % no options. This determines sources of alpha with no slowing down physics 
beta=yes % only option: pick sublibs. Like alpha, for source determination (no physics) 
gamma=yes % defaults are generally appropriate, with exceptions noted on p731 
}  
% End Cool-Down Case 2 
************************************************************************
******************* 
end 
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